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The Michelson Medical Research Foundation 
and the Human Immunome Project 
congratulate the recipients of the 2022 
Michelson Prizes: Next Generation Grants. 


The Michelson Prizes are $150,000 research 
grants given annually to support early-career 
researchers who are working to advance 
human immunology, vaccine discovery, and 
immunotherapy research for major global 
diseases. 


Dr. Noam Auslander, Dr. Jenna Guthmiller, 
Romain Guyon and Dr. Brittany Hartwell 
were selected by a distinguished committee 
of internationally recognized scientists and 
represent the next generation of innovators 
in human immunology and vaccine research. 


The recipeints of the 2022 Michelson Prizes 
will be honored at a virtual award ceremony 
in collaboration with Keystone Symposia on 
March 24, 2023 at 8:00 AM PST. 


COULD VOU BE THE NEXT MICHELSON 
PRIZE WINNER? APPLY FOR THE 2023 
MICHELSON PRIZES. 

OK FAO 


Application portal opens April 3, 2023. 


For more information visit: 


www.humanimmunomeproject.org 


www.michelsonmedicalresearch.org 


Noam Auslander, Ph.D. 
Assistant Professor, 
The Wistar Institute 
‘Artificial 
intelligence-based 
identification of microbes 
associated with immune 
responses in cancer and 
immune diseases.” 


Jenna Guthmiller, Ph.D. 
Assistant Professor, 
University of Colorado 
Anschutz School of 
Medicine 


“Mapping preexisting 


mucosal B cell specificities 


engaged by potential 
universal influenza 
vaccines.” 


Romain Guyon 
Ph.D. Student, 
University of Oxford 


“Demonstration of new 
single-dose vaccine 
technology towards a 
first-in-man Clinical 
application.” 


Brittany Hartwell, Ph.D. 
Assistant Professor, 
University of Minnesota 


“Engineering 
albumin-hitchhiking 
intranasal vaccines with 
enhanced transmucosal 
uptake to promote 
immunity." 
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EDITORIAL 


ChatGPT is fun, but not an author 


n less than 2 months, the artificial intelligence (AI) 
program ChatGPT has become a cultural sensation. 
It is freely accessible through a web portal created 
by the tool’s developer, OpenAI. The program— 
which automatically creates text based on written 
prompts—is so popular that it’s likely to be “at ca- 
pacity right now” if you attempt to use it. When you 
do get through, ChatGPT provides endless entertain- 
ment. I asked it to rewrite the first scene of the clas- 
sic American play Death of a Salesman, but to feature 
Princess Elsa from the animated movie Frozen as the 
main character instead of Willy Loman. The output was 
an amusing conversation in which Elsa—who has come 
home from a tough day of selling—is told by her son 
Happy, “Come on, Mom. You're 
Elsa from Frozen. You have ice 
powers and you're a queen. You're 
unstoppable.” Mash-ups like this 
are certainly fun, but there are 
serious implications for genera- 
tive AI programs like ChatGPT in 
science and academia. 

ChatGPT (Generative Pre- 
trained Transformer) was de- 
veloped with a technique called 
Reinforcement Learning from 
Human Feedback to train the 
language model, enabling it to 
be very conversational. Never- 
theless, as the website states, 
“ChatGPT sometimes writes 
plausible-sounding but incorrect 
or nonsensical answers.” Several 
examples show glaring mistakes that it can make, in- 
cluding referencing a scientific study that does not exist. 

Many concerns relate to how ChatGPT will change 
education. It certainly can write essays about a range of 
topics. I gave it both an exam and a final project that I 
had assigned students in a class I taught on science de- 
nial at George Washington University. It did well find- 
ing factual answers, but the scholarly writing still has 
a long way to go. If anything, the implications for edu- 
cation may push academics to rethink their courses in 
innovative ways and give assignments that aren’t easily 
solved by AI. That could be for the best. 

More worrisome are the effects of ChatGPT on writ- 
ing scientific papers. In a recent study, abstracts created 
by ChatGPT were submitted to academic reviewers, who 


Machines play an 
important role, 
but as tools for the 


people posing 
the hypotheses... 
and making 
sense of the results.” 


only caught 63% of these fakes. That’s a lot of Al-gener- 
ated text that could find its way into the literature soon. 

For years, authors at the Science family of journals 
have signed a license certifying that “the Work is an 
original” (italics added). For the Science journals, the 
word “original” is enough to signal that text written by 
ChatGPT is not acceptable: It is, after all, plagiarized 
from ChatGPT. Further, our authors certify that they 
themselves are accountable for the research in the pa- 
per. Still, to make matters explicit, we are now updat- 
ing our license and Editorial Policies to specify that text 
generated by ChatGPT (or any other AI tools) cannot be 
used in the work, nor can figures, images, or graphics be 
the products of such tools. And an AI program cannot 
be an author. A violation of these 
policies will constitute scientific 
misconduct no different from 
altered images or plagiarism of 
existing works. Of course, there 
are many legitimate data sets 
(not the text of a paper) that are 
intentionally generated by AI in 
research papers, and these are 
not covered by this change. 

Most instances of scientific 
misconduct that the Science jour- 
nals deal with occur because of 
an inadequate amount of human 
attention. Shortcuts are taken by 
using image manipulation pro- 
grams such as Photoshop or by 
copying text from other sources. 
Altered images and copied text 
may go unnoticed because they receive too little scru- 
tiny from each of the authors. On our end, errors hap- 
pen when editors and reviewers don’t listen to their 
inner skeptic or when we fail to focus sharply on the 
details. At a time when trust in science is eroding, it’s 
important for scientists to recommit to careful and me- 
ticulous attention to details. 

The scientific record is ultimately one of the human 
endeavor of struggling with important questions. Ma- 
chines play an important role, but as tools for the peo- 
ple posing the hypotheses, designing the experiments, 
and making sense of the results. Ultimately the product 
must come from—and be expressed by—the wonderful 
computer in our heads. 

-H. Holden Thorp 


H. Holden Thorp 
Editor-in-Chief, 
Science journals. 
hthorp@aaas.org: 
@hholdenthorp 


10.1126/science.adg7879 
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Jeffrey Brainard 


INFECTIOUS DISEASES 


Protective equipment is 
required for researchers. 
studying lethal viruses 
in a biosafety laboratory 
at Boston University. 


Biosafety group calls for clamping down on risky virus studies 


he United States should expand oversight of 
“gain-of-function” research that tweaks risky vi- 
ruses in ways that may make them more danger- 
ous, concludes a draft report from two working 
groups of the National Science Advisory Board for 
Biosecurity (NSABB). A 2017 policy requires the 
National Institutes of Health (NIH) to seek reviews by 
its parent agency, the Department of Health and Human 
Services (HHS), for a subset of these studies: those “rea- 
sonably anticipated” to generate an “enhanced” version 
of a human pathogen that is likely to be both highly 


transmissible and highly virulent. The NSABB draft re- 
port calls for broadening this definition to studies that 
would create a pathogen likely to pose a severe public 
health threat and is at least moderately virulent, at least 
moderately transmissible, or both, such as SARS-CoV-2. 
Some experts say the proposed definition still gives NIH 
officials too much leeway to decide what should be re- 
viewed; others worry it could sweep up routine studies 
important to public health. The full NSABB was to vote 
on 27 January on whether to forward the report to NIH 
and HHS for consideration. 


Human geneticists apologize 


RESEARCH ETHICS | The American Society 
of Human Genetics (ASHG) apologized this 
week for the participation of some of its 
early leaders in the eugenics movement and 
for other injustices committed by research- 
ers in their field. Before the 1970s, many of 
its past presidents supported forced steril- 
ization of people with “undesirable traits,’ 
and the society stayed silent about the use 
of genetics to justify discrimination against 
Black people, according to a report issued 
by ASHG. It wasn’t until the early 1990s 
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that the society formally opposed eugenics 
theories. Also during that decade, Arizona 
State University’s Diabetes Project stud- 

ied the genetic information of Havasupai 
tribe members without their consent, and 
ASHG remained uncritical. Historians had 
documented several of these cases, but their 
extent is “shocking, disturbing, and surpris- 
ing,” says Sarah Tishkoff, a University of 
Pennsylvania geneticist and member of an 
ASHG expert panel that guided the report, 
prepared by a contractor. To redress these 
harms, ASHG said it would strengthen diver- 
sity initiatives. It also will remove the names 


of all scientists from awards it bestows, 
pending a review of their actions. 


Another HIV vaccine fails testing 


IMMUNOLOGY | The beleaguered effort 

to develop an HIV vaccine has yielded yet 
another failure in the final stage of testing a 
candidate. An efficacy trial of a complicated 
vaccine regimen, developed by a Johnson & 
Johnson subsidiary in cooperation with the 
US. National Institutes of Health, stopped 
early because an interim analysis showed it 
offered no protection, sponsors announced 
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last week. The placebo-controlled study, 
dubbed Mosaico, assessed whether a series 
of six different shots could prevent HIV 
infection. Four shots delivered adenoviruses 
carrying a “mosaic” of genes from different 
HIV subtypes, and the final two contained 
two versions of HIV’s surface protein. The 
trial involved 3900 men in Europe, South 
America, and the United States who have sex 
with men and with transgender people. A 
similar study in sub-Saharan African women 
that ended in 2021 also found the strategy 
offered no protection. No other experimental 
HIV vaccines are in or nearing efficacy trials. 


African science leaders named 


AGRICULTURE | Two institutes within 
CGIAR, an international organization that 
supports agricultural research, will soon 

be headed by African scientists for the first 
time. Cameroon-born Appolinaire Djikeng 
will direct the International Livestock 
Research Institute starting in April. It oper- 
ates in Africa and Asia, with headquarters in 
Nairobi, Kenya, and Addis Ababa, Ethiopia, 
and an annual budget of about $80 million. 
Djikeng currently directs the Centre for 
Tropical Livestock Genetics and Health at 
the University of Edinburgh. Rwandan sci- 
entist Eliane Ubalijoro has been named CEO 
of the $100-million-a-year CIFOR-ICRAF, 
which funds research on deforestation, 
unsustainble food systems, and other top- 
ics. It includes two partners, the Center for 
International Forestry Research and World 
Agroforestry. Ubalijoro will also direct the 
latter, which is based in Nairobi. She comes 
from McGill University’s Institute for the 
Study of International Development. 


Convicted scientist avoids prison 


RESEARCH SECURITY | An academic scien- 
tist in the United States convicted of failing 
to fully report his ties to a Chinese university 
will not be imprisoned or fined. In sentenc- 
ing chemical engineer Franklin Tao last 
week, U.S. District Court Senior Judge Julie 
Robinson rejected the government’s request 
that the former faculty member at the 
University of Kansas (KU), Lawrence, serve 
30 months in prison and be fined $100,000. 
Robinson also chastised prosecutors for 
misunderstanding the culture of academic 
research, another setback to a Department 
of Justice initiative that has prosecuted some 
two dozen Chinese-born scientists. “There 
was no evidence of any conflict of interest ... 
and this is not an espionage case,’ Robinson 
said in court. “What the government is 
claiming is a conflict of time [commit- 
ments].’ Despite spending time in China, she 
said, Tao was also able to supervise research 
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at KU “because apparently he is somebody 
who can work 70 or 80 hours a week con- 
sistently.’” KU put Tao, who was a tenured 
professor, on unpaid administrative leave 
after his August 2019 arrest and this month 
said he was no longer an employee. 


War moves up Doomsday Clock 


GLOBAL SECURITY | Russia’s war against 
Ukraine helped prompt keepers of the iconic 
Doomsday Clock last week to advance it by 
10 seconds, to 90 seconds before mid- 
night. It’s the clock’s closest approach to 
“midnight’—which symbolizes humanity’s 
self-annihilation—since the Bulletin of the 
Atomic Scientists began the annual exercise 
in 1947. Besides the Russia-Ukraine war, the 
group cited high risks from climate change, 
disinformation, and future pandemics. 


Biden ups science board diversity 


POLicy | President Joe Biden this month 
announced eight new members he plans 

to appoint to the body that oversees the 
National Science Foundation (NSF). The new 
class will give the National Science Board its 
most diverse makeup ever and reverse an 


GEOLOGY 
Al helps find missed meteorites 


ca is famously good at preserving meteorites, burying the rocks in snow and 


emphasis on white, male appointees under 
former President Donald Trump. The board’s 
new class includes seven women and one 
man, five of whom are scientists of color. In 
all, the 24-member board will feature 

10 women, three Black scientists, and three 
Latino scientists. Board members serve 
6-year terms, and one-third are replaced 
every 2 years. 


Wolves swap sea otters into diet 


ECOLOGY | Wolves that populated an 
island off Alaska’s southeastern coast 
finished off nearly all the deer there, then 
turned to a surprising substitute: sea 
otters. The gray wolves on Pleasant Island 
attack the sea otters when they haul out 
onto the island’s rocky shores to rest. 

It’s a rare instance of a wolf population 
persisting without large terrestrial prey 
such as moose or deer, the research team 
reports this week in the Proceedings of the 
National Academy of Sciences. They said 
the finding highlights the unpredictable 
effects of predation among species that 
conservationists are trying to protect and 
reintroduce, including wolves and sea 
otters in Alaska. 
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Bird flu spread between mink is a ‘warning bell’ 


Big outbreak at a Spanish farm reignites fears of an H5N1 influenza pandemic 


By Kai Kupferschmidt 


hen mink at a big farm in Galicia, 

a region in northwestern Spain, 

started to die in October 2022, 

veterinarians initially thought 

the culprit might be SARS-CoV-2, 

which has struck mink farms in 
several other countries. But lab tests soon 
revealed something scarier: a deadly avian 
influenza virus named H5NI1. Authorities 
immediately placed workers on the farm 
under quarantine restrictions. The more 
than 50,000 mink at the facility were killed 
and their carcasses destroyed. 

None of the farm workers became in- 
fected. But the episode, described in a paper 
in Eurosurveillance last week, has reignited 
long-smoldering fears that H5N1 could trig- 
ger a human pandemic. The virus is not 
known to spread well between mammals; 
people almost always catch it from infected 
birds, not one another. But now, H5N1 ap- 
pears to have spread through a densely 
packed mammalian population and gained 
at least one mutation that favors mammal- 
to-mammal spread. Virologists warn that 
H5N1, now rampaging through birds 
around the world, could invade other mink 
farms and become still more transmissible. 

“This is incredibly concerning,” says Tom 
Peacock, a virologist at Imperial College Lon- 
don. “This is a clear mechanism for an H5 
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pandemic to start.” Isabella Monne, a vet- 
erinary researcher at the European Union’s 
Reference Laboratory for Avian Influenza 
in Italy, where the samples from Spain were 
sequenced, calls the finding “a warning bell.” 

H5NI1 was first detected at a goose farm 
in China in 1996. A big poultry outbreak 
in Hong Kong in 1997 led to the first docu- 
mented human deaths and sparked the first 
pandemic fears. Around 2005, the virus 
spilled over into migratory birds, which have 
since spread it across the world in several 
big waves. A new variant named 2.3.4.4b 
that emerged in 2020 has spread faster and 
farther than any predecessor, dealing huge 
blows to the poultry industry in Europe and 
North America (Science, 26 August 2022, 
p. 912) before arriving in Central and South 
America in the fall of 2022. “It seems this 
virus is just more adapted to all birds than 
any others have been,’ says Richard Webby, 
an influenza researcher at St. Jude Children’s 
Research Hospital. 

Because the receptors the virus binds to in 
the upper airways of birds are less common 
in mammalian upper airways, H5N1 largely 
spares mammals. But this time around 
many mammalian species have become in- 
fected, including foxes, cats, ferrets, seals, 
and dolphins, presumably through contact 
with infected birds. On 17 January, Montana 
authorities said three juvenile grizzly bears 
euthanized in the fall after becoming very 


sick were infected with H5N1 as well. People 
have caught it, too. So far there have been six 
confirmed human infections in the current 
global wave, including one death. 

There are some signs that 2.3.4.4b is less 
pathogenic in humans than earlier versions, 
which killed roughly half of those infected, 
says Thomas Mettenleiter, head of the Fried- 
rich Loeffler Institute. “Of course that can be 
bad news, too, because it might make it eas- 
ier for the virus to start spreading under the 
radar, giving it more opportunity to evolve,” 
he says. The more often the virus infects 
mammals, the greater the risk, Webby says. 
“Tt’s a numbers game.” 

There have been some past reports of 
avian influenza outbreaks on mink farms in 
China, but no clear evidence that the virus 
spread between the animals. In the Spanish 
outbreak, there seems to be little doubt it did. 
In theory, all of the sick animals could have 
picked up the virus from their feed, which 
included poultry byproducts, but H5N1 out- 
breaks have not been reported in the region 
where the poultry farms and slaughterhouses 
supplying the feed are located. And the virus 
spread from pen to pen as expected if it was 
transmitted between mink. The chain of in- 
fections might have begun after one animal 
caught a sick bird and pulled it into its cage, 
says Thijs Kuiken, a veterinary pathologist at 
Erasmus University Medical Center. 

How readily the virus found in Spain 
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Outbreaks in farmed mink could give H5N1 an 
opportunity to further evolve and adapt to mammals. 


might infect humans—or spread between 
them—is unknown. Sequenced virus sam- 
ples from four mink show several changes 
compared with the bird virus, including 
T271A, a mutation in the gene for an en- 
zyme, polymerase. The change, also seen in 
viral samples from other infected mammals, 
is known to help H5N1 better replicate in 
mammalian tissues. E627K, another wor- 
risome mutation in the polymerase gene, 
has not emerged, however, and the gene for 
hemagglutinin—a protein on the viral sur- 
face that latches on to the host receptor— 
has not changed, Peacock says. “We may 
still have been lucky with this one.” 

Monne says her team and others are now 
studying the properties of the mink virus 
and the effects of the mutations it has accu- 
mulated. Among other things, they want to 
study how well the virus transmits through 
close contact between animals. “We are 
planning to also do aerosol transmission 
studies,” she says. 

The outbreak again puts the spotlight on 
the risks of mink farming. SARS-CoV-2, in- 
troduced at farms by humans, spread like 
wildfire among the animals but was also 
passed back to their caretakers, and re- 
searchers worried the mink industry might 
become a permanent source of infections and 
a breeding ground for genetic variants. The 
Netherlands, which had already decided to 
phase out mink farming by 2024 for ethical 
reasons, closed all remaining farms in 2021. 
Denmark culled all mink in the country in 
2020, but a ban on mink farming expired at 
the beginning of this year. 

The farms pose just as big of a threat when 
it comes to H5N1, Kuiken says. Most of the 
mammalian species infected with the virus 
so far are wild predators and scavengers 
feeding on infected birds—“solitary animals, 
or animals that live in small families,” he 
says. They are unlikely to spread the virus 
far or infect humans. At mink farms, thou- 
sands of such solitary carnivores are forced 
to live together, creating ideal conditions for 
the avian virus to adapt to mammals. “It’s a 
human construct,’ Kuiken says. 

At the very least, biosafety measures on 
mink farms need to be tightened, Monne 
says. Farm workers should wear masks and 
take other measures to prevent infection, 
and the farms should reduce the risk of acci- 
dental H5N1 introductions. “They should be 
really carefully keeping the animals far away 
from wild birds.” Peacock says perhaps it’s 
time to just end mink farming. “That this 
is happening in Europe in this day and age, 
and after COVID-19, is doing my head in,’ 
he says. “It’s a bit of an existential threat.” 
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Women at ocean science institute 
have half the lab space of men 


Disparities exposed by “stunning” report from Scripps 
Institution of Oceanography are unlikely to be unique 


By Meredith Wadman 


omen constitute 26% of the sci- 
entists at the prestigious Scripps 
Institution of Oceanography (SIO) 
at the University of California, 
San Diego (UCSD), but only hold 
17% of the space, according to an 
unprecedented report released last week. 
Fifty-six women scientists at SIO have on 
average half as much research space and 
one-third the storage space of 157 of their 
male counterparts, according to the 95-page 
report by a task force of SIO faculty and staff 
and UCSD officials. (A few scientists who 
are nonbinary or did not confirm their gen- 
der were excluded from the analysis.) The 
16 labs defined as “very large” all belong 
to men. Women also have less office space. 
And of 32 coveted storage containers in ser- 
vice yards on site—as opposed to at less con- 


Spaced out 
Women at the Scripps Institution of Oceanography 
get short shrift compared with their male colleagues, 
according to a new report. The gaps can't be 
explained by differences in scientists’ funding, years 
at the institution, or area of research. 
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venient remote locations—31 are assigned 
to men. 

The authors said the differences could not 
be “explained away” by funding, years at SIO, 
discipline, or research group size. “Our analy- 
sis points to the existence of widespread, 
institution-wide cultural barriers to gender 
equity within Scripps,’ they concluded. 

The report was commissioned in May 2022 
by the university chancellor, executive vice 
chancellor, and SIO director after SIO fac- 
ulty raised concerns. Its findings are likely to 
resonate in other institutions. American Geo- 
physical Union President Lisa Graumlich, a 
paleoclimatologist at the University of Wash- 
ington, Seattle, says that at major research 
universities she has visited nationwide, fac- 
ulty from marginalized groups have told her 
they don’t have enough space for their re- 
search and that space allocation policies lack 
accountability. She is “sadly not surprised” by 
the findings at SIO, she says. 

The storied 120-year-old research center 
for ocean, earth, and atmospheric science, 
perched on a bluff above the Pacific Ocean, 
appears to be the first scientific institution 
to have conducted and released such an ex- 
haustive statistical analysis of space alloca- 
tion by gender. But its findings echo those 
of an investigation nearly 30 years ago led 
by Nancy Hopkins, now a biologist emerita 
at the Massachusetts Institute of Technol- 
ogy (MIT). In the early 1990s, under cover 
of dark, Hopkins measured every lab in the 
biology building there before spearheading 
a groundbreaking 1999 report on systematic 
discrimination against MIT faculty women. 
Hopkins calls the new results “stunning. ... 
T looked at this thing and I thought, ‘Oh my 
God, 30 years; I was doing this 30 years ago’ 
It has been written about and talked about 
and it’s still happening.” 

The 1999 MIT report concluded that 
women there lacked space relative to men. 
But the data behind that finding were kept 
confidential. A 2000 gender equity review by 
the Woods Hole Oceanographic Institution 
found women scientists experienced a strik- 
ing space deficit compared with their male 
peers as both advanced in their careers, but it 
did not examine possible confounders as the 
current study did. 


27 JANUARY 2023 * VOL 379 ISSUE 6630 317 


NEWS | IN DEPTH 


When the authors of the new study cor- 
rected for variables such as funding, time at 
SIO, and discipline that might explain the 
stark differences in space assignments, they 
came up empty. As faculty gained more fund- 
ing, space assignments for men grew at four 
times the rate that women’s did. And as the 
size of their research groups grew, men’s re- 
search space expanded at nearly double the 
rate of women’s. The gender gaps persisted 
across research disciplines, meaning the 
clustering of men in a field that needs more 
space—say, oceangoing research versus com- 
putational studies—could not explain the dis- 
crepancies. Nor did research space track with 
the length of time a scientist had been at the 
institution, making it unlikely that a longer 
average tenure for men could explain some 
of the disparities. 

The task force also illuminated dramatic 
differences in perceptions between men 
and women among 77 active faculty who 
responded to an anonymous survey. Asked 
whether they had sufficient space for their 
work, 42% of women said no, versus 6% of 


Former Scripps Institution of Oceanography geologist 


Jane Willenbring, in her lab there in 2019, praises Scripps for 


publicizing its new findings. 


men. Only 10% of women found space assign- 
ments to be transparent versus 28% of men. 

One contributor to the lopsided space allo- 
cations is a practice called “inheritance,” the 
authors write. SIO policy requires that space 
be returned to the institution for reallocation 
when a faculty member moves, dies, or re- 
tires, but the policy has at times been ignored 
when a departing principal investigator sim- 
ply assigns their space to an heir—a practice 
that has disproportionately benefited men, 
especially those with the largest labs. 

Also contributing are emeritus faculty, 
86% of them men, who hold nearly one- 
quarter of all space at SIO. Their capacious 
assignments are “difficult to comprehend,” 
write Stefanie Lutz, an environmental hydro- 
logist at Utrecht University, and Andrea Popp, 
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a hydrologist at the Swedish Meteorological 
and Hydrological Institute, in an email to 
Science. The pair were lead authors on a 2019 
global survey on the impacts of gender dis- 
crimination in earth and space sciences. 

The new report, which UCSD posted on its 
website, “is exceptional in how thoroughly it 
was done—but also because [the UCSD ad- 
ministration] publicized it afterward. They 
could have just put it into a hole,” says Jane 
Willenbring, a geologist at Stanford Univer- 
sity who was an associate professor at SIO 
from 2016 to 2020. 

UCSD Chancellor Pradeep Khosla wrote in 
a cover letter: “These findings do not reflect 
the values of our university.’ Khosla said he 
had directed SIO Director Margaret Leinen, 
who has been in the job 10 years, to chair a 
“Change Management” committee imple- 
menting the report’s many corrective rec- 
ommendations. Those include immediately 
identifying and reassigning available and 
underused space and “addressing the space 
assignments” of retired faculty to better serve 
those who aren’t retired. 

“[It’s] gonna get fixed; says 
Victor Ferreira, a psychologist who is 
UCSD’s associate vice chancellor for 
faculty diversity, equity, and inclu- 
sion and headed the task force that 
authored the report. “Everything 
I have seen including the fact that 
the public can download this report 
suggests that the university doesn’t 
want to whitewash this problem.” 

It will take concerted corrective 
action to convince the skeptical. 
“Nancy Hopkins did all of this work 
and shone this light on how differ- 
ent it can be to be a woman in sci- 
ence than to be a man in science. 
And we have just learned nothing 
from that,’ Willenbring says. 

Other research institutions may 
soon receive similar wake-up calls. 
One woman, a junior geoscientist at 
a major university who asked not to be iden- 
tified for fear of career repercussions, says 
that in 2020, with COVID-19 protocols dic- 
tating the precise amount of space required 
per person in the lab, “suddenly there were 
spreadsheets flying around ... and blueprints 
of the department.” She soon generated a 
color-coded bar graph showing men at all ca- 
reer levels ahead of women in lab space per 
capita. “It just jumped out at me and I was 
like, ‘Holy crap, this isn’t good?” 

“This is still an ongoing problem for ev- 
eryone at every level,” adds a woman faculty 
member at SIO who asked not to be named 
because of the sensitivity of the issues. “This 
is not just geoscience or Scripps. This is all 
of STEM [science, technology, engineering, 
and math].” 


PLANETARY SCIENCE 


Meteorite 
results bode 


well for 
exo-Earths 


Water and light 
elements are likely 
available right 
where rocky planets 
take shape 


By Paul Voosen 


ow hard is it to give birth to an 
Earth? To assemble the right mix of 
rock, metal, and water, in a balmy 
spot not too far from a star? For a 
long time, planetary scientists have 
thought Earth was a lucky accident, 
enriched with water and lighter “volatile” 
elements—such as nitrogen and carbon—by 
asteroids that had strayed in from the outer 
edges of the early Solar System, where those 
materials were abundant. But a series of 
new studies, including two published today 
in Science, suggests all the ingredients were 
much closer at hand when Earth was born. 

The findings, based on_ painstaking 
chemical analysis of meteorites, imply that 
planet-forming disks around other stars, 
too, should be well-stocked with the mak- 
ings of wet, rocky planets that might be hos- 
pitable to life. “It makes the enrichment in 
volatile elements of a planet more generic,” 
says Alessandro Morbidelli, a planetary sci- 
entist at the Cote d’Azur Observatory who 
wasn’t part of the new work. Even if a young 
planet doesn’t receive a delivery from the far 
reaches of the newborn planetary system, he 
says, “it doesn’t change habitability.” 

Not that long ago, researchers thought the 
giant gas and dust disk that whirled around 
the early Sun more than 4 billion years ago 
had a fairly uniform composition. But that 
view was challenged by studies that tallied 
the ratios of certain isotopes found in the 
dozens of known species of meteorite. They 
indicated that the meteorites fell into two 
basic groups that likely originated in zones 
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at different distances from the Sun. One 
group, known as carbonaceous chondrites, 
appears to have originated in the outer 
reaches of the early Solar System, beyond 
a proto-Jupiter and past the disk’s “snow- 
line,” where temperatures cooled enough 
to allow water to freeze. In contrast, non- 
carbonaceous chondrites formed closer 
to the Sun. The isotopic signatures also 
suggested each zone was fed by material 
forged in different ancient and distant 
sources, such as supernovae and red giant 
stars (Science, 30 March 2018, p. 1451). 

Until recently, scientists were only able 
to detect the early isotopic fingerprints in 
metals such as chromium, titanium, and 
molybdenum, which are durable enough to 
have resisted the heat of the newborn Sun. A 
close match between the isotope ratios found 
in noncarbonaceous chondrites and those 
found in the same metals on Earth suggested 
much of Earth’s raw material came from the 
same nearby region as those meteorites. 

But early searches for isotopic evidence 
that Earth’s lighter volatile elements also 
originated nearby came up dry. “People 
just started thinking [the evidence] didn’t 
exist,’ says Rayssa Martins, a doctoral stu- 
dent in geochemistry at Imperial College 
London (ICL). And so the traditional view 
of those elements’ origin persisted: Many 
were assumed to come from a distant 
source, such as an outer region of the disk, 
where they might have condensed and then 
been pulled inward by the gravity of a form- 
ing planet, such as Jupiter. 

Now, however, the meteorite divide has 
been detected in two moderately volatile 
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elements, potassium and zinc. And the re- 
sults suggest that much, but not all, of the 
planet’s volatiles also came from the non- 
carbonaceous reservoir, says Nicole Nie, a 
planetary scientist at the California Insti- 
tute of Technology and lead author of the 
potassium-focused paper. “This is a game 
changer for cosmochemistry.” 

The work was challenging, Nie says. Al- 
though a 2020 paper had identified what 
looked like ancient isotopic signatures in 
meteorite potassium, it only used two po- 
tassium isotopes, leaving out the much 
rarer potassium-40, whose signature in 
mass spectrometers is easy to confuse with 
those of calcium or argon. With only two 
isotopes, it was impossible to confirm that 
what the team saw reflected the chemical 
makeup of the primordial disk. And so Nie 
and her team measured all three potas- 
sium isotopes in 32 meteorites. They found 
that the potassium in the noncarbonaceous 
rocks showed isotopic patterns quite simi- 
lar to those seen on Earth. “That was really 
surprising,” she says. Together, the findings 
suggested some 80% of Earth’s potassium 
came from nearby sources. 

Three other teams have found a similar 
signal in the five stable isotopes of zinc. Two 
of the groups published their findings in 
Icarus last summer; work by the third, led 
by Martins, appears this week in Science. 
The findings complement each other, says 
Frédéric Moynier, a cosmochemist at the 
Paris Globe Institute of Physics and co- 
author of one Jcarus study. “I agree with 
everything in the [Science] paper, because 
it’s very similar to our paper.” Overall, it ap- 


A planet-forming disk around a young star (artist’s 
concept) should readily give birth to habitable planets. 


pears that half or more of Earth’s zinc also 
came from the inner Solar System. 

Other volatile elements probably had 
a similar origin, says Mark Rehkaémper, a 
geochemist at ICL. “Zinc is not water. But 
where you have zinc, you will have more wa- 
ter.” And although the newly formed inner 
Solar System was low in volatile elements 
overall, there was still enough to create a 
habitable world. “The water has been here 
almost from the beginning,” Moynier says. 

The hunt will now be on for additional 
volatile elements that exhibit the primor- 
dial fingerprints, says Thorsten Kleine, 
director of the Max Planck Institute for So- 
lar System Research and co-author of one 
of the zinc papers. “We have just written 
the proposals to do that, to be honest,” he 
says. Armed with enough data, especially 
for elements that are known to accumulate 
in a newborn planet at different stages of 
its growth, “you can do a detailed recon- 
struction of how the material that built the 
Earth changed over time.” 

That could help resolve another ques- 
tion that has nagged at planetary scientists 
for decades: how quickly the rocky planets 
were built. They may have formed slowly, 
over tens of millions of years, as smaller 
rocky bodies collided with each other, or 
much more quickly, as vast clumps of ma- 
terial collapsed. The isotopes could hold 
clues—and not just for our Solar System. 
As the new work makes clear, the recipe for 
Earth is unlikely to be a one-off. 
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Can California’s floods help 
recharge depleted aquifers? 


Plans to drown orchards and farm fields to boost 
groundwater supplies get off to a slow start 


By Dan Charles 


he drenching storms that hit Cali- 
fornia in recent weeks represented 
a long-sought opportunity for Helen 
Dahlke, a groundwater hydrologist 
at the University of California, Da- 
vis. Dahlke has been studying ways 
to recharge the state’s severely depleted 
groundwater by diverting swollen rivers 
into orchards and fields and letting the wa- 
ter seep deep into aquifers. But carrying out 
such plans requires heavy precipitation— 
which had been scarce in recent years. 

This week, however, water managers 
began to turn theory into practice. In the 
Tulare Irrigation District, which supplies 
water to more than 200 farms south of 
Fresno, officials started diverting water 
from the San Joaquin River into 70 fields 
as well as specially constructed ponds. 
Each day, some 1.5 million cubic meters of 
water—roughly equivalent to 600 Olympic- 
size swimming pools—has been pouring 
onto the landscape. “We are in full [ground- 
water] recharge mode,’ Aaron Fukuda, 
the district’s general manager, wrote in an 
email. Similar flooding is underway in the 
Madera Irrigation District north of Fresno. 

Over the past decade, Dahlke’s experi- 
ments with submerging small plots have 
suggested intentional flooding can _ re- 
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plenish aquifers without damaging either 
groundwater quality or crops. But she says 
bureaucratic hurdles and organizational 
inertia have blocked widespread use of the 
practice—despite state laws and policies de- 
signed to encourage it. 

“My frustration is growing!” Dahlke says. 
“This always looks so easy when you write 
these scientific papers, and give presenta- 
tions, but to really implement [flooding] on a 
widespread scale is very hard.” She and oth- 
ers hope this winter’s intentional floods will 
encourage more of the state’s water manag- 
ers to embrace the practice. 

California’s farmers and others often ex- 
tract far more water from aquifers than 
normally seeps in from the surface (Science, 
17 April 2020, p. 230). The idea of using work- 
ing farms to slow or reverse the trend was 
born in 2010, when independent hydrologist 
Philip Bachand and farmer Don Cameron 
flooded some of Cameron’s vineyards. The 
vines thrived, and the water replenished the 
aquifers beneath Cameron’s land. 

Four years later, California adopted a 
landmark law, the Sustainable Ground- 
water Management Act (SGMA), that pro- 
motes the practice. It requires farmers to 
treat aquifers like bank accounts, clamping 
down on overdrafts but also allowing those 
who deposit water into them to make bigger 
withdrawals later. 


In a 2016 experiment, researchers flooded an almond 
grove in a bid to restore California’s groundwater. 


The most catastrophically depleted aqui- 
fers lie in the San Joaquin Valley, the nation’s 
largest single source of tree nuts, fruit, and 
vegetables. In places, groundwater extrac- 
tion has caused the land to sink by several 
meters, and declining runoff from the Si- 
erra Nevada means growers can no longer 
depend on a steady supply of river water. 
In this region, Dahlke says, capturing water 
during wet years and storing it underground 
for later use will be a matter of survival. 
The looming shortage “is just getting really 
scary,’ she says. 

But several obstacles have stood in the 
way of recharge projects, experts say. Some 
districts need state permits and getting them 
is time-consuming. The SGMA’s limits on 
extraction are only kicking in now, so farm- 
ers haven’t had much incentive to spend 
the money required to flood their fields. “If 
you've chosen to somewhat ignore this law, 
you've been able to,’ says Sarah Woolf, a wa- 
ter consultant and farmer. 

Still, the recent recharge efforts are 
prompting new interest. In the Madera Ir- 
rigation District, General Manager Thomas 
Greci says farmers seem increasingly open to 
drenching their fields. “I have been shocked 
to see the number of growers coming in to 
sign up to take this water,” he says. And other 
irrigation districts have been calling, asking 
how it’s done, says Dina Nolan, the district’s 
assistant general manager. “It was, frankly, 
quite shocking to me,” she says. “I was like, 
‘You’ve never promoted this?’” 

California’s high waters are now reced- 
ing, but the opportunity to capture runoff 
will likely continue through the spring as 
a hefty mountain snowpack melts. Many 
farmers, however, won’t be inclined to 
drown their fields when it’s time to plant 
or pollinate their crops. “Only certain crops 
are compatible [with flooding] at that time 
of year,’ says Daniel Mountjoy, director of 
resource stewardship with the nonprofit 
Sustainable Conservation. 

When all is said and done, Dahlke esti- 
mates this year’s intentional floods will 
counterbalance less than 10% of the San 
Joaquin Valley’s typical annual ground- 
water deficit. But she hopes the experience 
will prepare the state to do better when the 
next deluge arrives. With that in mind, she’s 
hoping to soon launch a study aimed at 
identifying easier ways of using California’s 
extensive irrigation infrastructure to steer 
1 trillion liters of floodwater into the state’s 
aquifers. The goal, she says, is “to go more 
large-scale.” 


Dan Charles is a journalist in Washington, D.C. 
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ENVIRONMENT 


Fukushima wastewater release set to start soon 


Japan, facing broad opposition, says dump will pose no risk to Pacific Ocean life or humans 


By Dennis Normile, in Tokyo 


he Japanese government is pushing 

ahead with its plan to release 1.3 mil- 

lion tons of radioactive water from the 

defunct Fukushima Daiichi Nuclear 

Power Plant into the Pacific Ocean. 

The release could begin as early as this 
spring or summer, according to materials dis- 
tributed at a 13 January ministerial meeting. 
But it has stirred broad opposition—from Ja- 
pan’s fishing industry and consumers, coun- 
tries throughout the Asia-Pacific region, and 
some marine scientists. 

The Tokyo Electric Power Company 
(TEPCO), which owns the power station, 
says it is running out of space to store the 
water on land. Radioactivity levels in the dis- 
charged water will be too low to pose a risk 
to marine life or humans, TEPCO says, and 
its plan has the blessing of the International 
Atomic Energy Agency (IAEA). At a 20 Janu- 
ary briefing here, IAEA nuclear safety official 
Gustavo Caruso, who heads a special agency 
task force on Fukushima, said Japan’s Nu- 
clear Regulation Authority (NRA) has proce- 
dures in place to ensure the discharge meets 
international safety standards. 

But critics say the risks haven’t been stud- 
ied in enough detail. TEPCO’s assurances 
are “not supported by the quantity and 
quality of the data,” says oceanographer Ken 
Buesseler of the Woods Hole Oceanographic 
Institution. “We need more information.” 
The release would set an awful precedent, 
says Robert Richmond, a marine biologist 
at the University of Hawaii, Manoa: “There 
is a strong consensus internationally that 
continued use of the ocean for dumping 
waste is simply not sustainable.” 

Ever since the 2011 Tohoku earthquake 
and tsunami devastated the Fukushima 
power plant, crews have continuously 
pumped water through the wrecked reac- 
tors to cool the nuclear fuel, much of which 
melted. The cooling water picks up radio- 
nuclides, many of which are then captured 
by a specially developed filtering process. 
But tritium, which is chemically identical to 
the ordinary hydrogen in water, slips through 
the system. For now the water is stored in 
more than 1000 tanks on the plant grounds. 

Tritium gives off only low-energy beta 
particles believed to pose minimal risks for 
marine life and humans. And TEPCO plans 
to dilute the waste with massive amounts of 
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seawater to reduce tritium levels below regu- 
latory standards for drinking water before 
dumping it into the ocean through a pipe ex- 
tending 1 kilometer offshore. 

A level safe for drinking sounds reassur- 
ing, but is still thousands of times higher 
than the natural level in seawater, Richmond 
says. And the water will be discharged at a 
single point for decades, so tritium, which 
can be bound into animal and plant tissue, 
and other radioactive isotopes may still accu- 
mulate in marine organisms and work their 
way up the food chain to fish and humans. 


~  * Siege’, om = 
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“This has real implications for ocean life and 
the human lives that are tied to our oceans 
now and into the future,’ Richmond says. 
Other radionuclides may also be slipping 
through, says Ferenc Dalnoki-Veress, an ex- 
pert in low concentration radioactivity mea- 
surements at the Middlebury Institute of 
International Studies at Monterey. “What's 
in the water? We don’t really know,’ he says. 
TEPCO has sampled small amounts of water 
from just one-quarter of the tanks, he says, 
and measured concentrations of tritium and 
only a limited number of other radionuclides. 
Strontium-9 and _ cesium-137, radioactive 
products of nuclear fission, have turned up in 
wildly varying concentrations, raising ques- 
tions about how well the filtration system 
works. (TEPCO maintains that further filter- 
ing will capture more of the radionuclides.) 
Japan’s neighbors share the concerns. 
“There should be no discharge until all par- 


is now stored in more than 1000 tanks near Fukushima’s destroyed reactors. 


ties verify through scientific means that [it] 
is safe,’ Henry Puna, secretary general of the 
Pacific Islands Forum, a group of 16 coun- 
tries, said at a recent seminar. The U.S. Na- 
tional Association of Marine Laboratories 
also opposes the plans, citing “a lack of ad- 
equate and accurate scientific data support- 
ing Japan’s assertion of safety.” 

Scientists have put forward alternatives. 
Richmond sees an opportunity for bioreme- 
diation, by pumping the wastewater through 
tanks full of oyster species that consume 
plankton and incorporate radionuclides into 


their shells. If other radionuclides are re- 
moved, the contaminated water could simply 
be stored for 40 to 60 years, since tritium has 
a half-life of only about 12 years. Or the water 
could be used to make concrete, from which 
tritium’s beta particles are unable to escape. 
But TEPCO is pressing ahead. NRA 
will monitor the entire operation, as will 
IAEA and at least one third party commis- 
sioned by TEPCO. Independent groups will 
also be watching. A group led by Nuria 
Casacuberta Arola, an oceanographer at 
ETH Ziirich, collected samples off the 
coast of Fukushima in November 2022 that 
will provide baseline concentrations of tri- 
tium and other radionuclides, with which 
any changes can be compared. But more 
studies should be done before the releases 
begin, Richmond says: “Monitoring does 
not prevent problems from occurring, it 
identifies when problems occur.” & 
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As funders roll out new requirements for making data freely 
available, researchers weigh costs and benefits By Jocelyn Kaiser and Jeffrey Brainard 


hysiologist Alejandro Caicedo of the 
University of Miami Miller School 
of Medicine is preparing a grant 
proposal to the U.S. National In- 
stitutes of Health (NIH). He is feel- 
ing unusually stressed because of a 
new requirement that takes effect 
this week. Along with his research 
idea, to study why islet cells in the 
pancreas stop making insulin in people with 
diabetes, he will be required to submit a plan 
for managing the data the project produces 
and sharing them in public repositories. 

For his lab, that’s a daunting task. Unlike 
neuroscience or genomics, Caicedo’s field 
has no common platforms or standards for 
storing and sharing the kinds of data his lab 
generates, such as videos of pancreatic islet 
cells responding to a glucose stimulus. The 
“humongous” raw imaging files are currently 
stored in an on-campus database, notes 
Julia Panzer, a postdoctoral researcher in the 
lab. To protect patient privacy, the database 
is secured and not designed to provide ac- 
cess to outsiders. Sharing the data will mean 
uploading them somewhere else. 

Caicedo supports the new NIH policy, ac- 
knowledging that “science will be so much 
more powerful” if data are freely shared. But 
he says his field isn’t ready. And he’s worried 
about the burden the new mandate will im- 
pose on his postdocs and graduate students. 
He can’t afford to hire a data manager for his 
eight-person lab with his $600,000 in NIH 
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grants, he says. “It’s a very limited budget for 
a lot of people.” 

In the years ahead, many researchers 
will be struggling with similar issues. By 
2025, new U.S. requirements for data shar- 
ing will extend beyond biomedical research 
to encompass researchers across all scien- 
tific disciplines who receive federal research 
funding. Some funders in the European 
Union and China have also enacted data- 
sharing requirements. The new U.S. moves 
are feeding hopes that a worldwide move- 
ment toward increased sharing is in the off- 
ing. Supporters think it could speed the pace 
and reliability of science. 

Some scientists may only need to make a 
few adjustments to comply with the policies. 
That’s because data sharing is already com- 
mon in fields such as protein crystallography 
and astronomy. But in other fields the task 
could be weighty, because sharing is often 
an afterthought. For example, a study in- 
volving 7750 medical research papers found 
that just 9% of those published from 2015 to 
2020 promised to make their data publicly 
available, and authors of just 3% actually 
shared, says lead author Daniel Hamilton of 
the University of Melbourne, who described 
the finding at the International Congress on 
Peer Review and Scientific Publication in 
September 2022. Even when authors promise 
to share their data, they often fail to follow 
through. Out of 21,000 journal articles that 
included data-sharing plans, a study pub- 


lished in PLOS ONE in 2020 found, fewer 
than 21% provided links to the repository 
storing the data. 

Journals and funders, too, have a mixed 
record when it comes to supporting data 
sharing. Research presented at the Septem- 
ber 2022 peer-review congress found only 
about half of the 110 largest public, corpo- 
rate, and philanthropic funders of health 
research around the world recommend or 
require grantees to share data. 

“Health research is the field where the 
ethical obligation to share data is the high- 
est,” says Aidan Tan, a clinician-researcher 
at the University of Sydney who led the 
study. “People volunteer in clinical tri- 
als and put themselves at risk to advance 
medical research and ultimately improve 
human health.” 

Across many fields of science, researchers’ 
support for sharing data has increased dur- 
ing the past decade, surveys show. But given 
the potential cost and complexity, many are 
apprehensive about the NIH policy, and 
other requirements to follow. “How we get 
there is pretty messy right now,’ says Parker 
Antin, a developmental biologist and associ- 
ate vice president for research at the Univer- 
sity of Arizona. “I’m really not sure whether 
the total return will justify the cost. But I 
don’t know of any other way to find out than 
trying to do it” 

Science offers this guide as researchers 
prepare to plunge in. 
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Why share scientific data? 


Scientists who share data can speed up and improve science 
and advance their own careers, advocates say. 

Growing efforts in psychology, cancer research, and other 
fields to reproduce published studies, for example, depend on 
access to the underlying data. Such access can help resolve 
whether an apparent error in a paper resulted from an honest 
mistake—or faked data. In 2020, for example, a high-profile 
study claiming that COVID-19 patients given the antimalarial 
drug hydroxychloroquine were at increased risk of death fell 
apart after Surgisphere, the company that claimed to have 
provided the underlying data set, couldn’t produce it. (Studies 
purporting to show benefits from the drug, touted by then- 
President Donald Trump, proved equally problematic.) 

Sharing data could also help curtail duplicative efforts to 
collect them. That could save time and money for smaller 
labs in particular, says Crystal Rogers, a cell and develop- 
mental biologist at the University of California (UC), Davis. 
“Maybe this policy will even the playing field,” she says. “It 

will democratize opportunities.” 

Existing data can help researchers generate 
hypotheses, design clinical trials, and teach. 

And by pooling smaller data sets, scien- 

tists can conduct meta-analyses that can 

produce robust or intriguing findings, says 

Maryann Martone, a neuroscientist 
at UC San Francisco. She points to a study 

that gathered raw data from an array of animal 

studies conducted in the 1990s on treatments for spinal cord 
injury. The results from the individual studies were inconsistent 
and never published. But a 2021 analysis of pooled data from 
1125 animals produced a significant correlation: Animals with 
blood pressure levels within a certain window during spine 
surgery fared better, a finding that held up in a clinical study. 
“There’s real gold in these small data sets, if you can put them 
together,’ Martone says. 

For the researchers who share their data, one proven reward 
is increased citations to papers for which data are provided. 
Papers that provided a link to data gained 25% more citations 
on average than those that did not, according to a 2020 study 
of more than 50,000 articles in the PLOS and BMC journals. 

Even as more funders expect grantees to provide data, a lack 
of professional rewards may be responsible for widespread 
noncompliance. Sharing typically doesn’t count for much in 
tenure and promotion reviews, for example. Academic institu- 
tions should encourage departments to develop policies for 
providing such rewards, according to a 2021 joint report from 
the Association of American Universities and the Association of 
Public and Land-grant Universities. 

It may be hard to overcome fears that researchers who share 
data won’t get proper credit from others—or may even get 
scooped. “How do you make sure that somebody doesn’t grab that 
data and publish it as their own in some minor journal?” worries 
cancer physician-scientist Jan Grimm of Memorial Sloan Kettering 
Cancer Center. Advocates for data sharing have called for publish- 
ers to discourage such behavior by requiring authors who use data 
generated by other scientists to name them as “data authors.” 

Scientists may come to see data sharing as a useful burden, 
like peer review, says Tim Vines, founder of a data search tool 
called DataSeer. “Peer review is very annoying, but many people 
say: ‘It improves my manuscripts’ Researchers accept that. We 
need to bring [data] sharing to that level.” 
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How are data-sharing policies changing? 


Many U.S. funders already have sharing policies. NIH has been 
a leader of such efforts, rolling out a 1996 policy for its grantees 
in human genome sequencing and expanding it in 2003 to cover 
all large projects. Now, the agency is extend- 
ing its rule to cover all of its research grants. 
NIH’s new policy “strongly encourages” 
researchers to deposit project data in 
repositories where other researchers have 
free access. The data should be “of sufficient 
quality to validate and replicate research 
findings,” the policy says. Data should be de- 
posited when a journal article about them is pub- 
lished or the grant ends, whichever comes first. And the policy 
extends to unpublished findings, including negative results. 

“We really wanted to catalyze the research community through 
a more ubiquitous data-sharing policy,’ says Lyric Jorgenson, 
acting director of NIH’s Office of Science Policy, who oversaw 
development of the policy. 

NIH’s push could test the kinds of changes that all federally 
funded researchers will need to make by December 2025, when 
a revised data-sharing policy announced in August 2022 by the 
White House Office of Science and Technology Policy (OSTP) 
takes effect. (The new policy also drew attention for requiring 
that journal articles be free to access when published.) 

Like NIH’s policy, OSTP’s requires all data “underlying” 
peer-reviewed scholarly papers be made publicly available for 
free when papers are published (although it allows exceptions, 
including if taking that step is too costly). The policy is signifi- 
cantly more stringent than the current requirement at a key 
agency it covers, the National Science Foundation (NSF), which 
only requires data sharing within “a reasonable time period.” 
NSF and other U.S. research-funding agencies are expected to 
propose details this year and next about how they will imple- 
ment OSTP’s policy. 
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How do | comply? 


NIH’s policy requires investigators submitting a grant proposal 
to include a two-page data-management plan listing the types 
of data they will produce, the software or tools needed to use 
the data, and the publicly accessible repositories where they 
will be stored. When submitting the data, researchers will need 
to include “metadata,” or details of how the data 
were collected. And they may need to reformat 
data to fit a repository’s standards. These 
steps are meant to make the data comply 
with international guidelines called the 
FAIR principles, which stands for “findable, 
accessible, interoperable, and reusable.” 
Supporters of sharing also call for 
something encouraged, but not required by 
NIH: choosing repositories that attach digital object identifiers 
(DOIs) to data sets that are different from those used to 
identify the associated papers. The DOIs—unique, permanent 
serial numbers—will make it easier for other researchers to 
find relevant data. (Authors and journals must also properly 
format a manuscript’s references to associated data for them 
to be discoverable by search tools.) DOIs will also identify each 
data set as an independent scholarly contribution, enabling 
researchers to claim credit for generating and sharing the data. 
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Data sharing, by the numbers 
Scientists express interest in sharing their data ... 
Across fields, most scientists like the idea of sharing data, according 


to a 2017-18 survey of more than 2000 respondents from multiple countries. 
(Selected categories are shown.) 


Psychology 

Physical sciences 

Biology 

Geology and earth science 
Information and computer science 
Space and planetary science 


Environmental science and ecology 
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Percent of respondents willing 
to share data broadly 


... but few do it right, if at all. 

When researchers do share data, many don't use practices that promote long- 
term curation and sharing with other researchers. Analysts say big changes 

in research culture are needed, and more training and guidance could help. 
(Survey respondents could report more than one type of storage method.) 
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What would motivate researchers to share data? 

Professional rewards rank highest, but researchers also see public benefits, 
according to a survey of more than 6000 respondents in 2022. (Selected 
motivations are shown, and respondents could choose more than one reason.) 


It was a field or industry expectation. 
It was simple and easy to do. 

Funder requirement 

Greater transparency and reuse 
Public benefit 


Journal or publisher requirement 


Citation of my research papers 
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Percent of respondents who 
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Some researchers who recently began to share more data un- 
der existing NIH policies say the process can be very time- 
consuming. Relabeling, reformatting, and otherwise preparing 
all the underlying data collected by co-authors on a paper 
can take half a day, says Florian Krammer, a virologist at the 
Icahn School of Medicine at Mount Sinai—work he typically does 
on a weekend. His data manager needs another full day to 
upload the data to databases. “I think a lot of people don’t realize 
how much work it is,” he says. 

Others point out that if researchers develop plans for data 
sharing at the start of a project, the costs may go down. “The 
time decreases the better managed your lab is, because things 
are documented from the get-go instead of at the very end,” 

UC San Diego’s Martone says. Stacey Schultz-Cherry, a virologist 
at St. Jude Children’s Research Hospital, puts it this way: 
“We're all going to grumble, but in the long run it’s really going 
to benefit science.” 


What about sensitive data 
that are difficult to share? 


Biomedical research often involves human subjects who may 
not have agreed to having their data shared, even if they have 
been stripped of identifying information. NIH’s policy allows 
exceptions for such data. But the agency expects 
that, when possible, consent forms for 

new studies will ask participants to agree 

to share their deidentified data. 

Although some institutional ethics boards 
have opposed such broad consent, “I think 
there’s an understanding that this is what the 
community is moving towards,” says physician 
Ida Sim of UC San Francisco. She is a co-founder 
of Vivli, a repository that some institutions plan to use to share 
participant-level data from clinical trials. 

Clinical trial researchers are known for keeping their data 
under wraps because they’re concerned they won’t be analyzed 
properly, or they’re still writing papers. Many already ignore a 
2016 NIH rule requiring that summary data be posted in the 
federal ClinicalTrials.gov database no later than 1 year after the 
trial’s primary completion date. But the NIH data-sharing 
policy is already “being taken as a serious mandate” by those 
scientists, Sim says. “I am pleased with how much of a cultural 
change this has catalyzed.” 


How will policies be enforced? 


Because biomedical disciplines create and use data differently, 
NIH says it chose to provide flexibility by not packing 
its policy with detailed requirements. 

In particular, it does not specify how much 
data researchers must share from a given 

data set. Do they need to deposit an entire 

video of dividing cells or a molecular 

marker infiltrating a tumor, which could 

be gigabytes of data, or just the still im- 
ages presented in papers? “Many of us do 

not fully understand at what level, from raw to 

fully processed and grouped, NIH expects data to be shared,” 
says cardiovascular disease researcher Curt Sigmund of the 
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Medical College of Wisconsin. The answer, NIH’s Jorgenson 
says, is that each discipline will need to work out the “granu- 
larity” required to reproduce a paper’s findings. 

In practice, NIH program managers will review an investi- 
gator’s sharing plan when a grant proposal is submitted and 
check progress reports to be sure the plan is being followed. 
The agency could terminate a grant for noncompliance, 
although that rarely happens for violations of other NIH 
policies. But those who don’t share data could be barred from 
receiving a new grant, Jorgenson says. Achieving the data- 
sharing policy’s goals will likely be achieved “in stages and 
steps,” she adds. “We did not want to set the bar so high that 
we create disincentives for anyone to participate.” 

Many funders and journals have struggled to enforce their 
own sharing requirements. Confirming whether authors 
shared all data supporting an article can require a close, time- 
consuming examination, Vines says. Publishers receive no 
extra revenue for the added effort. 

To avoid data sharing that is incomplete or poorly done, 
funders and institutions may need to not only threaten re- 
searchers with sticks, but also offer them carrots, in the form 
of technical support and training, says Dylan Ruediger, a proj- 
ect manager at Ithaka S+R, a higher education research and 
consulting organization. He managed an NSF-funded project 
that brought together interdisciplinary teams of researchers 
in fields as disparate as agronomy, nuclear imaging, and polar 
science to examine barriers to data sharing. 

“Complying with mandates to deposit data is not the same 
thing as creating an ecosystem that’s really well adapted to 
help researchers reuse data,” Ruediger says. “That’s a very dif- 
ferent kind of challenge.” 


How and where do | store data? 


Currently, many researchers store data primarily on their per- 
sonal computers (see graphic, p. 324). Sharing data will 
mean shifting them to one of several possible 
homes: a repository at the researcher’s institu- 
tion; a discipline-based one, such as Open- 

Neuro, which holds brain-imaging data, 

or NIH’s ImmPort, which stores immuno- 

logy data; or a general repository, such 

as figshare or Zenodo. Many repositories 
will need improvements to make it easier to 
deposit, find, and retrieve data, experts say. 

To help navigate this new terrain, some universities are beefing 
up staff who can help, such as IT specialists and librarians who 
specialize in data. “We’re reprioritizing some of the things that 
we're doing in the library to accommodate these requests,” says 
Vicki Coleman, dean of library services at North Carolina A&T 
State University, a historically Black research institution. She says 
the library will shift staffing away from its traditional reference 
desk—a trend underway at other universities as well. 


These data experts often have clever ways to adapt commonly 


used information-management tools to the needs of specific 
research fields. Many universities, for example, now offer 
faculty members training in using Jupyter Notebooks, an open- 
source web application designed to make it easier to share 

data. The extra staffing and training should address a concern 
Ruediger found among participants in his project to encourage 
data sharing: “a sense that the challenges they were facing were 
unique and idiosyncratic to them.” 
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What are the costs, and who will pay? 


Scientists say it can be difficult to estimate the cost of 
cleaning and preparing data for use outside their team. For 
example, Krammer of Mount Sinai estimates data sharing 
will eat up at least 10% of his funding. Hiring a 
data manager might cost $100,000 per year, 
although not all labs will need one. 
NIH says researchers applying for a grant 
can add costs for data managers, staff 
time to prepare data, and repository 
fees. But because NIH has a strict dollar 
limit for many grants, data-sharing costs 
may cut into the funds available for research. 
“Tf you're loading up your grant budget with data-sharing 
and management costs, is that going to take away from 
the funds for doing the science?” says David Kennedy, vice 
president of the Council on Governmental Relations, which 
represents major research universities. 

Universities, for their part, will have to pay for campus- 
wide services supporting data sharing, such as librarians 
and subscriptions to repositories. Institutions can bill these 
“indirect” costs to the overhead that funders provide with 
grants. But those reimbursements are capped. Although 
universities have long tapped their own revenues to help 
cover the indirect costs of research, some worry data 
sharing will become another “unfunded mandate” from the 
federal government. 

The costs per institution will exceed $1 million a year, 
split between overhead and investigators’ budgets, according 
to an initial analysis based on a survey of 34 Council 
on Governmental Relations members. That could be a spe- 
cial burden for smaller institutions, Kennedy says. That is 
“a huge concern,’ Jorgenson acknowledges. “We do not want 
to exacerbate inequities in the funding structure.” 

Another challenge to be solved: Even the largest reposi- 
tories are still looking for sustainable business models. 
Discipline-specific ones are typically supported by grants for 
individual projects that don’t assure funding after the grant 
ends. NIH’s and OSTP’s policies don’t spell out for how long 
data must be stored and shared; Jorgenson says the agency 
“will be collecting lots of information” to inform a more 
specific policy on this. 


Will broad data sharing 
be worth the effort? 


Skeptics say the benefits are yet to be demonstrated. 
Krammer says funders should collect and analyze data about 
whether the new push is producing the intended effects. 
“There needs to be an evaluation after 2 years, 
5 years, to look at what type of data is 
[reJused, and for what type of data it 
doesn’t seem to make sense,” he says. 
Supporters of data sharing agree—and 
think the results will bear them out. “We 
need some real demonstrations of how this 
level of data sharing can drive the discovery 
engine,” UC San Francisco’s Sim says. “I don’t 
think we're there yet. But it’s kind of like everyone’s hopped in 
the car, and we're starting the engine.” 
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Farm animal welfare: Beyond “natural” behavior 


An animal-centered view guided by what animals value could improve welfare on farms 


By Marian Stamp Dawkins 


lobally, more than 78 billion land ani- 
mals are reared for human consump- 
tion each year (more than 70 billion 
chickens, with pigs and cattle making 
up much of the rest) (J). The trend is 
growing, but so is public concern about 
the welfare of these animals, particularly in 
intensive farming systems. In response to 
public concerns about the lives of farm ani- 
mals, requirements for improved animal wel- 
fare now widely appear in legislation, in farm 
assurance schemes, and as an important ESG 
(environment, social, and governance) goal 
for food-producing companies, giving animal 
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welfare a higher priority than it has ever had 
before. However, requirements that priori- 
tize animals’ ability to exercise “natural be- 
havior” are often imposed without showing 
that they actually improve welfare from the 
animals’ point of view. Without evidence to 
inform policies and practices, industry may 
be wasting money and misleading the pub- 
lic—all without any genuine improvement in 
animal welfare. 

Approaches to animal welfare have in- 
cluded the Five Freedoms (2), the Five 
Domains (3), and the Four Principles of 
the European Union’s Welfare Quality 
Assessment. All put good physical health 
(particularly absence of disease, injury, hun- 
ger, and thirst) as necessary components of 
welfare. But they all also agree that there is 
more to good welfare than physical health, 


and it is in trying to capture that extra com- 
ponent of welfare—what might be called the 
mental as well as the physical health of an 
animal—that the real problem lies. 

The food industry has addressed this prob- 
lem by placing increasing emphasis on one 
particular welfare metric: natural behavior. 
Natural behavior is behavior shown by ani- 
mals living where their ancestors evolved or 
at least in man-made environments that al- 
low them similar freedom of movement. The 
welfare of more confined members of the 
same species, such as those living in inten- 
sive farming systems, is then judged by the 
extent to which they too are able to show this 
natural behavior [for example, (4)]. 

The critical assumption here is that natu- 
ral behavior is necessary for good welfare 
and therefore that welfare standards on a 
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farm can be judged by the extent to which 
animals living there show this natural behav- 
ior. But this assumption has been repeatedly 
challenged—for example, on the grounds that 
some natural behavior, such as predation, ac- 
tually reduces welfare (5, 6). Given the prior- 
ity now being given by the food industry and 
the public to natural behavior [for example, 
(4)], the objections that have been raised 
need to be taken more seriously by those re- 
sponsible for actually introducing changes to 
farm animal management. Though useful, 
natural behavior is only a starting point for 
assessing welfare; overemphasizing it may 
mean that animal welfare is not being im- 
proved as much as it could be. 


THE RISE OF NATURAL BEHAVIOR 

AS A WELFARE METRIC 

“Natural” is an emotionally loaded word, ex- 
ploited by countless advertisers wanting to 
present their products as desirable because 
they are natural as opposed to artificial. So 
“natural” and “behavior” form a combination 
that finds approval almost without question. 
It is therefore not surprising to find that pub- 
lic opinion supports the idea that animals 
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Acow uses a scratching brush at La Fageda farming 
cooperative in Santa Pau, Spain, in August 2022. 


should be free from the restriction of cages 
and able to behave naturally (7). 

The idea of natural behavior as a neces- 
sary part of good welfare really took hold 
with the publication in 1979 of the Five 
Freedoms (2), five simple statements about 
what was necessary for good animal wel- 
fare. The first three of the Five Freedoms 
address the conditions necessary for physi- 
cal health—freedom from hunger, physical 
discomfort, and injury. The last two refer 
to mental health—freedom from stress 
and, importantly, freedom “to perform 
most normal patterns of behavior” (“nor- 
mal” rather than “natural” being used to 
allow that domesticated farm animals may 
behave differently from their wild ances- 
tors but still have the same need for free- 
dom of movement). 

Natural behavior was given this promi- 
nent place in welfare assessment because 
it was believed by many at the time that 
animals had natural instinctive urges that 
had to be satisfied if animals were not to be 
frustrated. “A very large part of animal be- 
haviour is basically determined by instinc- 
tive or innate abilities, proclivities, and 
dispositions” wrote W. H. Thorpe in one 
of the key papers used in drawing up the 
Five Freedoms [(8), p. 73]. “Suppression of 
these instinctive appetites can give rise to 
evidence of prolonged and intense emo- 
tional disturbances” [(8), p. 79]. Natural 
behavior and welfare thus seemed inextri- 
cably linked. 

The Five Freedoms were subsequently 
taken up and used around the world as the 
basis for animal welfare legislation and as 
part of industry practice. With the current 
interest in animal welfare, their influence 
today is perhaps greater than ever, and they 
are increasingly found, often in their origi- 
nal wording, in the sustainability and ethi- 
cal goals of food producers, food retailers, 
and outlets across the world. For example, 
an international food outlet gives as one of 
their animal welfare priorities “Providing 
enrichments that support natural behavior” 
and states, in applying this to chickens, “We 
are working with supply chain partners to 
ensure housing environments that promote 
natural behaviors such as pecking, perching, 
and dust-bathing” (9). 

Natural behavior thus seems to be the 
ideal welfare metric. It is based on the ani- 
mals’ own behavior, can be measured and 
even quantified, has political clout around 
the world, and above all has public opinion 
on its side. All of this makes it all too easy 
to overlook the very real problems there are 
with uncritically linking natural behavior 


to welfare. Natural behavior, if used on its 
own, may not improve animal welfare at all. 


THE FLAWS WITH NATURAL BEHAVIOR 

AS A WELFARE METRIC 

One obvious problem with natural behavior 
is that a life in the wild can be brutal. Wild 
animals in their natural environments are 
subject to constant threats to their survival. 
Even in populations completely unaffected 
by humans, death by predation, disease, 
malnutrition, attacks by other animals, para- 
sites, and adverse weather happen all the 
time and results in many wild animals hav- 
ing very short lives. Captive animals are of- 
ten healthier and live longer than their wild 
counterparts (70). At least in captivity, an in- 
jured animal can be recognized and treated 
quickly, whereas a wild one can be left to a 
slow and lingering death or eaten while still 
alive. Many a natural environment would not 
pass muster if judged by the standards of the 
Five Freedoms. 

Just as living in a natural environment 
does not guarantee good welfare, neither 
does performing natural or species-typical 
behavior (5, 6). Being chased by a predator, 
for example, is entirely natural for many 
wild animals but is also something they will 
choose to avoid if given the opportunity. Here 
is the real weakness of natural behavior as 
a welfare criterion. It does not take into ac- 
count what the animals themselves want (5, 
6). What an animal does—the behavior that it 
shows—simply reflects the state it is in at any 
moment, and that could be a state of poor 
welfare that it was attempting to change. For 
example, a wild animal could be hiding from 
danger because it was fearful or foraging for 
food because it was desperately hungry. In 
other words, the natural behavior an animal 
is showing can be a sign that its current state 
of welfare is poor, and the animal is attempt- 
ing to rectify that. 


WHAT ANIMALS VALUE AS 

A WELFARE METRIC 

The past 40 years have seen major advances 
in our understanding of the behavior of ani- 
mals: what stimuli are important to them, 
what motivates them, and crucially, what are 
the effects of not being able to perform cer- 
tain behaviors. The current view is that most 
animals, including the birds and mammals 
that form part of modern farming, have some 
behavior that can be described as innate or 
unlearnt, but they are not automata rigidly 
programmed to carry out a fixed repertoire 
of natural behaviors and doomed to be frus- 
trated if they cannot perform every single 
one exactly the way and in exactly the pro- 
portions shown by their wild ancestors. On 
the contrary, natural selection has made ani- 
mals much more flexible than this by acting 
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more on what animals value (what they find 
rewarding or aversive) than on the specific 
behaviors they might perform (J1). 

What animals have evolved to do is not to 
“perform a behavior” but to be rewarded or 
punished by circumstances that are the usual 
result of such behavior, which gives them 
much greater range of behavioral options 
(1). For example, an animal that has been 
selected to find a sweet taste pleasant can 
learn to find food in environments that may 
be completely different from anything its an- 
cestors ever experienced, just by repeating 
actions that lead to the reward of the sweet 
taste. It can learn to use entirely new and un- 
natural actions to obtain this reward and will 
be much better at exploiting a new source 
of food than would an animal limited to a 
fixed set of responses. As a practical example, 
cows will learn to press a button to turn on 
electrically driven rotating brushes, which 
they then stand next to, passively letting the 
brushes groom them (see the photo). The set- 
up is highly unnatural, and the cows do not 
do the natural behavior of actively rubbing 
against trees or fences, but they clearly find 
being passively groomed by brushes highly 
rewarding because they will push open very 
heavy gates to get to them, repeatedly switch 
on the motors, and choose brushes over trees 
if given the choice (72). What matters to the 
cows is not doing the rubbing behavior but 
the usual result of doing the rubbing: the “re- 
ward” of the associated touch. 

Understanding what animals find reward- 
ing or aversive allows welfare to be defined 
by the animals themselves rather than hav- 
ing it imposed by humans. States of positive 
welfare (pleasure and contentment) can be 
objectively defined by what animals demon- 
strate that they find rewarding and will work 
for, such as by pressing buttons, pushing le- 
vers, or operating computer touch screens 
(technology now provides many different 
ways of finding out what animals value). They 
can demonstrate what stimuli they want and 
what behavior they value being able to per- 
form, which may or may not include their 
natural behavior. It is even possible to ask an- 
imals how much they value being able to do 
different behaviors by comparing how hard 
they will work for them (for example, how 
many lever presses they will make, or what 
weights they will push) (6). 

States of negative welfare can also be ob- 
jectively defined as those produced by be- 
ing forced to exist in conditions they find 
punishing (discomfort or pain) or in which 
they anticipate pain (fear) or do not obtain 
an expected reward (frustration). Differences 
between animals can be accommodated by 
separately investigating reward value of dif- 
ferent outcomes to animals of different ages, 
breeds, and sexes, thus taking into account 
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individual welfare needs. For example, adult 
laying hens will choose high perches for 
roosting at night (73), growing broiler chick- 
ens with their heavier bodies prefer lower 
more solid platforms (7/4), whereas very 
young chicks are brooded by their mother (if 
present) on the ground, not on perches at all. 
Simply providing the same sort of perches to 
all breeds and ages of birds and then judging 
their welfare by whether or not they perch 
is therefore to miss the animal’s own point 
of view and what these different groups need 
and value for their welfare. 

Judgements about animal welfare in dif- 
ferent farming systems could easily include 
whether they provide what animals them- 
selves value, according to what research 
shows they find rewarding or punishing. 
Knowledge of natural behavior is thus still 
important because it provides the most likely 
candidates for what animals might value, but 
we can now do much better than construct- 
ing farm environments only on the basis of 
whether animals are seen to be doing a spe- 
cific set of species-typical behaviors. We have 
the means to look beyond what they do and 
to understand what they have evolved (or 
been selected by us) to regard as desirable en- 
vironments. Understanding the nature of an 
animal means understanding not only what 
it does but what it values. Even John Webster, 
one of the originators of the Five Freedoms, 
came later to believe that the key Freedom 
should have been “Freedom to choose” (5). 

Of course, animals do not always choose 
what is good for their health, so as with hu- 
mans, what animals value in the short term 
has to be balanced against what is best for 
long-term health (6). We need on-farm re- 
search to find the optimum balance between 
these two important components of welfare. 


CONCLUSIONS 

Natural behavior as an animal welfare indi- 
cator gained popularity at a time when rela- 
tively little was known about what animals 
value. We now have much more information 
about what animals really want and have de- 
veloped a wide range of techniques for let- 
ting them tell us. There have also been major 
advances in our knowledge of how the be- 
havior of animals is motivated, how it devel- 
ops, and how it differs between individuals. 
We are therefore in a good position to carry 
out research to test the validity of any claim 
that animal welfare has been improved by 
seeing whether the animals concerned have 
been provided with something they demon- 
strably value. The current tendency of the 
food industry to use natural behavior un- 
critically as an indication of good welfare 
without providing such evidence therefore 
needs to be challenged. Specifically, claims 
that animal welfare standards are being im- 


proved because animals are provided with 
opportunities for natural behavior such as 
access to pecking blocks requires, first, ba- 
sic evidence that birds actually interact with 
and peck at these objects. Second and most 
important, there needs to be evidence that 
they value the opportunity to engage in the 
behavior sufficiently to be willing to work 
to be able to do it—that they will not only 
choose to do it but overcome obstacles or 
learn to perform unusual tasks to do so. The 
evidence needed is a combination of small- 
scale controlled studies on what animals 
want followed up by large-scale on-farm 
research to ensure that results are directly 
relevant to conditions experienced by ani- 
mals on commercial farms and take account 
of variation between animals of different 
breeds and ages. Some of this evidence is al- 
ready available but not used. Some will need 
a collaborative program of research between 
food producers and the research community. 
Either way, a more animal-centered view of 
welfare, replacing overreliance on the mis- 
leading concept of natural behavior, could 
result in genuinely improved standards of 
farm animal welfare. 
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Earth’s persistent thermostat 


The dependence of rock weathering on temperature 


helps to steer Earth's climate 


By Robert G. Hilton 


or billions of years, Earth’s surface cli- 

mate has varied in temperature within 

a relatively narrow range, allowing liq- 

uid water to persist and ensuring the 

habitability of our rocky planet. The 

breakdown of rocks during weathering 
is thought to be central in keeping the planet 
warm enough, and not too cold, by providing 
a stabilizing feedback in the carbon cycle. 
On page 382 of this issue, Brantley et al. (1) 
reconcile measurements from the laboratory 
with those made across landscapes in soils 
and rivers to quantify the overall tempera- 
ture dependence of this important feedback 
mechanism. They find that this process only 
works to stabilize temperatures when min- 
erals are supplied quickly enough by ero- 
sion and if rainfall can quench the thirst 
of the weathering reactions. Thus, the role 
of weathering in steering Earth’s climate 
is likely to have changed as the continents 
shifted and collided. 

Carbon dioxide (CO,) is a greenhouse gas 
that plays a major role in controlling the 
temperature at Earth’s surface. Every year, 
volcanoes release ~0.1 petagrams of carbon 
(PgC) per year as CO, from the interior of 
the planet. Although this appears small com- 
pared with the ~44,000 PgC that the atmo- 
sphere and oceans contain, this volcanic leak 
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of carbon quickly adds up over Earth’s long 
history: In just a million years, volcanoes 
would release enough carbon to almost tri- 
ple the atmosphere and ocean carbon stores. 
Left unchecked, this buildup of CO, would 
lead to runaway warming (2). 

Instead, CO, is removed from the atmo- 
sphere when specific minerals in rocks are 
chemically broken down or weathered. The 
carbonic acid formed by mixing CO, with 
rainwater can dissolve silicate minerals. The 
weathering reactions remove CO, from the 
atmosphere and create bicarbonate, a dis- 
solved form of carbon, which is flushed from 
soils into rivers and onward to the ocean. 
There, the weathering products are used to 
make new carbonate minerals that lock up 
the carbon. Altogether, the net impact of sili- 
cate weathering is the removal of CO, from 
the atmosphere. Prior research has revealed 
that the amount of CO, removal may be sen- 
sitive to temperature (3). If the surface of the 
planet is too warm, silicate weathering can 
remove more CO, If too cool, silicate weath- 
ering becomes more subdued and atmo- 
spheric CO, will build up. In this way, silicate 
weathering could act as Earth’s thermostat 
(see the figure), keeping the climate hospi- 
table for life to thrive (2, 3). 

The global temperature sensitivity of sili- 
cate weathering has remained difficult to 
quantify. This is because not only tempera- 
ture matters. Minerals need to be supplied 
to be weathered, often by eroding fresh 
rocks and breaking apart new minerals (4, 


A view over Mafate circus in Réunion island is shown, 
where erosion and weathering of silicate rocks help 
feed into Earth’s persistent thermostat. 


5). Water is important, too; it is needed for 
the reactions and to wash away the reac- 
tion products (4, 6). A second challenge has 
been to reconcile laboratory-based measure- 
ments made over months (7) with chemical 
weathering rates measured in soils (8) and 
captured in the dissolved loads of rivers (4, 
6, 9), which can record reactions happening 
over hundreds to thousands of years. 

Brantley et al. used a thermodynamic 
framework to assess the temperature depen- 
dence of silicate weathering rates. Using cal- 
culations grounded in the Arrhenius equa- 
tion that describes the relationship between 
reaction rate and temperature, they com- 
bined the numerous laboratory assessments 
with global soil profiles and river catch- 
ments. All of these datasets show an increase 
of silicate weathering with temperature, 
although the field rates increase more with 
temperature than those from experiments in 
the lab. This can be explained by an array of 
processes that happen in landscapes, includ- 
ing physical mechanisms such as fractur- 
ing, the formation of new minerals during 
weathering, and the role of microorganisms. 
Notably, Brantley et al. show that many lo- 
cations around the world have a weak link 
between temperature and silicate weather- 
ing because either there is not enough min- 
eral supplied to weather or they do not have 
enough water. 

A convergent theme of the study of 
Brantley et al. and prior work (4, 6, 9) is that 
only if minerals are supplied fast enough 
can the silicate weathering thermostat work. 
Where erosion is low, the temperature sen- 
sitivity is muted or apparently nonexistent. 
Chemical weathering models and proxies of 
CO,, climate, weathering, and erosion also 
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Silicate weathering thermostat 
Over millions of years, atmospheric carbon dioxide (CO,) is supplied by volcanic eruptions, as well as during 
sedimentary rock weathering. If CO, increases (red arrow), parts of Earth with high erosion and rainfall 

can increase CO, removal by silicate weathering. This provides a stabilizing feedback on climate over millions 
of years. However, silicate weathering fixes less CO, in the lithosphere if temperatures are cooler, mineral 
supply is limited, and rainfall is low. 


1 CO 


: 2 
causes warming 


Silicate weathering 
(temperature sensitive) 
High mineral supply and 
high rainfall 


provide support for these conclusions (J0). 
For example, recent work has suggested 
that global erosion could have doubled 
over the past 10 million to 15 million years 
and made Earth’s surface a more sensi- 
tive thermostat by supplying minerals and 
making reactions more sensitive to tem- 
perature and water supply (0), which af- 
fects climate and atmospheric CO,. 

The important role for erosion in the 
silicate weathering thermostat means that 
other factors complicate how it may steer 
Earth’s climate. This is because erosion can 
supply other phases to the weathering zone 
(11) that release CO, when they break down. 
These phases include ancient organic mat- 
ter in rocks and sulfide minerals that can be 
oxidized during weathering (12, 13). These 
erosion and weathering-induced CO, emis- 
sions are globally important because they 
release as much CO, as volcanoes. In ad- 
dition, recent work shows that the CO, re- 
lease may increase with temperature (13). 
This seems to oppose CO, removal by sili- 
cate weathering. Furthermore, any holistic 
consideration of the long-term carbon cycle 
must also account for fluxes and drivers of 
CO, removal by organic matter burial, as 
has been suggested for the Himalayan ero- 
sional system (J4). More research is needed 
to assess how the organic carbon cycle af- 
fects the thermostat settings. 

Unfortunately, the natural silicate weath- 
ering process is too slow to help mop up the 
very large excesses of CO, that are released 
each year from human activities (~9.6 PgC 
year'). However, deliberately increasing 
silicate weathering by grinding up silicate 
minerals and applying them at a large scale 
to agricultural areas may provide a way to 
help reach net zero (15). It remains unclear 
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whether the logistical challenges can be 
met for this enhanced weathering to con- 
tribute to CO, drawdown, but research into 
the fundamentals of mineral weathering re- 
actions will be essential to make decisions 


and assess the water demands of sustaining 
the reactions (1). 

The temperature dependence of silicate 
mineral weathering provides a persistent 
thermostat to guide Earth’s long-term 
climate. However, changes in patterns of 
erosion, water supply, and organic car- 
bon cycling have likely changed the ther- 
mostat’s settings as the continents have 
drifted and collided over millions of years. 
Geochemical approaches in the laboratory, 
in the field, and in silico are crucial to fur- 
ther untangling the dynamics of the carbon 
cycle on Earth and other rocky planets. & 
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Decoding 
complex order 
in reticular 
frameworks 


Periodicity and aperiodicity 
coexist in a nonchaotic, 
information-rich crystal 
structure 


By Omar M. Yaghi? and Zichao Rong?” 


he synthesis of chemical structures 
has largely focused on achieving 
them as crystalline solids because of 
the relative ease with which crystals 
can be characterized at the atomic 
level using x-ray or electron diffrac- 
tion techniques. Constituent atoms are ar- 
ranged in a definite pattern of order that 
confers homogeneous (uniform) proper- 
ties, which makes them attractive to in- 
dustries ranging from energy to pharma- 
ceuticals. What about amorphous solids, 
in which the atoms are arranged in an 
aperiodic fashion? Clearly, structures of 
this type are more complex and far more 
difficult to design and study because of 
their disorganized atomic arrangements. 
On page 357 of this issue, Meekel e¢ al. (1) 
report an example of a crystalline material 
that combines periodicity with aperiodic- 
ity to create what they refer to as “complex 
order.” This duality in structure can be lev- 
eraged to hold information that can be de- 
coded, much like QR codes and barcodes. 
Typically, a metal-organic framework 
(MOF) is an extended crystalline mate- 
rial composed of metallic ions or clusters 
that are building units linked by organic 
molecules. Meekel et al. generated an MOF 
with a metal unit that was rotationally 
disordered throughout the structure. The 
complex order that was generated is remi- 
niscent of that created using Truchet tiles. 
Truchet tiles are not rotationally symmet- 
ric, and when placed squarely in a grid, 
they generate interconnecting patterns. 
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The complex order in the Truchet MOF of 
Meekel et al., which they call TRUMOF-1, 
is realized by having a rotationally dis- 
ordered metal zinc and organic linker 
(1,3-benzenedicarboxylate) that propa- 
gates across the crystal in an aperiodic 
fashion while still being affixed to an oth- 
erwise ordered lattice of oxygen (see the 
figure). What makes TRUMOF-1 distinctive 
is that the disordered and ordered con- 
stituents are covalently linked in a three- 
dimensional structure that is also porous. 
This MOF is a major addition to a larger 
family in which such complex order pro- 
vides for anisotropy and directionality in 
crystals (2). In considering the amount 
of chemical information that periodic 
and aperiodic atomic arrangements con- 
tain, aperiodic structures are far richer 
and arguably more interesting because 
they exhibit more diversity, variation, and 
complexity. However, the lack of a 
means to characterize aperiodic 
materials has prevented the full 
exploitation of their potential as 
chemical information storage sys- 
tems. The establishment of reticular 
chemistry—the linking of molecular 
building blocks with strong bonds 
to create extended crystalline struc- 
tures—offers an entry point to ad- 
dressing the characterization prob- 
lem by making structures such as 
MOFs in which periodic and aperi- 
odic atomic arrangements are com- 
bined, giving rise to emergent prop- 
erties (3). 

Given the flexibility with which 
reticular frameworks such as MOFs 
can be designed, variability of con- 
stituents, and ability to chemically 
modify their pores, complex order 
appears to be a natural outcome of 
this ultrahigh variability, especially 
when applied to a single framework. 
Thus, an MOF structure can be in- 
vestigated at the atomic scale in de- 
tail to immediately articulate forms 
of complex order. This is a typical 
computational approach for char- 
acterizing a complex system when 
no physical techniques exist other- 
wise. There are several examples of 
structures in which periodicity and 
aperiodicity coexist to embody the 
desirable qualities of both. DNA is a 
perfect example of complex order in 
one dimension. The polyphosphate 
sugar chain serves as the repetitive 
and periodic backbone onto which 
aperiodic spatially arranged nucle- 
otides are covalently bound. The 
complex order in DNA is based on 
variation in the composition of the 
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rungs of the double helix as represented 
by nucleotide pairs, whereas in a Truchet 
MOF, it is based on the relative configura- 
tions of the constituent units. 

There are other forms of complex order. 
In multivariable MOFs, up to 10 different 
metal ions are incorporated into their me- 
tallic units to generate a heterogeneous spa- 
tial arrangement of metals in the form of, 
for example, metal sequences that contain 
short or long metal repeats (4-6). When 
eight different organic moieties are cova- 
lently attached to a three-dimensional MOF, 
a “guest” molecule that passes through the 
pores of the MOF can sample a specific se- 
quence of functional groups across the en- 
tire crystal (7). This can impart gas selectiv- 
ity properties onto the MOF, which allows 
the whole to be greater than the sum of its 
parts—that is, the way that the constitu- 
ents of the MOF combine adds a different 


Duality in structure 
The building units of a metal-organic framework can be linked to form 
aperiodic, rotationally variable configurations. These organic linkers 

(which bear variability in functional groups) and metallic units can be 
superimposed on (and strongly bonded to) a periodic lattice. 


“e— Oxygen 
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quality to the final complex structure. The 
importance of complex order in catalysis is 
also revealed in a reticular structure that in- 
corporates a heterogeneous arrangement of 
short peptides. Notably, these crystals carry 
out selective amide bond cleavage akin to 
an enzyme (8). 

Although the complex order in the 
Truchet MOF of Meekel et al. was ele- 
gantly decoded by analyzing the diffuse 
x-ray scattering of the crystals, it is not 
always possible to apply this method to 
other MOFs because of their openness 
and large unit cells. Attempts to use atom 
probe tomography (4) and _ solid-state 
nuclear magnetic resonance (9) tech- 
niques have only facilitated decoding the 
sequence (that is, the spatial order) of 
constituent metal units and organic link- 
ers down to the nanometer level, which 
leaves many questions unanswered about 
the design of properties in reticu- 
lar structures that bear complex 
order. Decoding such complex 
order on a routine basis requires 
moving away from the traditional 
practice of making, characteriz- 
ing, and measuring properties of 
a structure according to methods 
in which inputs into what is made 
are related to outputs. Rather, ma- 
terials chemistry must decode the 
correlation between the inputs 
and outputs. This understanding 
should reveal the rich information 
that is held by structures of com- 
plex order. The execution of this 
vision can be achieved by blending 
the chemistry and synthesis of ma- 
terials with computing and data 
science fields. This approach will 
most certainly require machine- 
learning tools (J0). The Truchet 
MOF demonstrated by Meekel et 
al. highlights the power of using 
creative thinking to decode com- 
plex order. 
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A vaccine sanctuary in the lymph node 


B cell follicles in the lymph node protect vaccines to enhance immune responses 


By Anurag Kalia and Heather D. Hickman 


fter injection, vaccines drain to the 

lymph node, where naive B cells in 

lymph node follicles recognize vac- 

cine antigens, become activated, 

and mutate immunoglobulin genes 

to create protective antibodies. The 
remarkable success of vaccines suggests 
that this process occurs efficiently and re- 
sults in antibodies against vaccine antigens 
that have retained their native structure. 
However, during the journey from injection 
site, vaccines must run a gauntlet of extra- 
cellular proteases before reaching 


Recent advances in microscopy have en- 
abled the precise spatiotemporal mapping 
of vaccines and other antigens in the lymph 
node. Although SCS macrophages access 
fluorescently labeled nanoparticle vaccines 
displaying glycosylated viral proteins, vac- 
cines are cleared from most nodal microan- 
atomical niches, including the SCS, within a 
few days of injection. One notable contrast 
to widespread nodal vaccine loss over time 
is retention on FDCs (5). Unlike conven- 
tional dendritic cells, FDCs are nonhemato- 
poietic stromal cells that are located in B 
cell follicles. FDCs bind and trap immune 


viral protein-displaying nanoparticles to 
FDCs (5), the authors questioned how FDCs 
were able to maintain vaccine antigen when 
cells in other areas of the node could not. 
They hypothesized that extracellular pro- 
teases might degrade antigen unless it was 
protected by either a cell or the microenvi- 
ronment. After immunization of mice, they 
found that fluorescently labeled nanopar- 
ticles first accumulated in the SCS and re- 
mained intact, as expected. However, over 
time, spatial patterns of nodal nanoparticle 
degradation were revealed, with those in 
the SCS or interfollicular regions being de- 

graded, whereas nanoparticles as- 


follicular B cells. It is unclear how 
antigens are preserved as they are 
shepherded into B cell follicles 
and, after arrival, how they are 
maintained in a structurally intact 
conformation for continued B cell 
access. On page 350 of this issue, 
Aung et al. (1) reveal that lymph 
node B cell follicles in mice pos- 
sess low intrinsic protease activity, 
allowing follicular dendritic cells 
(FDCs) to retain vaccine in its na- 
tive form and potentially revealing 
ways to enhance vaccine efficacy. 
After deposition into the tissue, 


Preventing vaccine antigen degradation 
Nanoparticle vaccines encounter extracellular proteases en route to B cell 
follicles in the lymph node. Although vaccine antigen is rapidly degraded 
in the subcapsular sinus (SCS) region of the lymph node, B cell follicles 
have low protease activity. This preserves antigen integrity and allows 
follicular dendritic cells (FDCs) to present intact antigen to B cells, which 
activate and produce antibodies against vaccine antigens. 


} Nanoparticle 
vaccine 


sociated with FDCs were not. These 
results confirmed previous findings 
of FDCs sheltering native antigen, 
but did not discern whether this 
was due to a specific FDC property 
or a function of the environment. 
In an innovative set of experi- 
ments, Aung ez al. queried the pro- 
tective capacity of the B cell follicle 
itself. They first directed antigen 
into either the B cell follicle or the T 
cell zone of the lymph node by anti- 
body-mediated targeting. Whereas 
antigen present in the T cell zone 


protein-based vaccines enter lym- 
phatic vessels, which propel fluid, 
particles, and cells from peripheral 
sites to the closest lymph node. 
Lymph-borne vaccine particles 
first enter the lymph node in a 
distinct microenvironment called 
the subcapsular sinus (SCS) (see 
the figure). The SCS is filled with 
lymphatic fluid and lined with a specialized 
subset of macrophages (SCS macrophages) 
that can capture lymph-borne immune 
complexes and pass them on to underly- 
ing B cell follicles (2). Despite a capacity to 
transport antigens, SCS macrophages also 
internalize particulate antigens (including 
lymph-borne viruses) and express intracel- 
lular and secreted proteolytic enzymes (2, 
3). Additionally, protease activity has been 
detected in the SCS after injection of sub- 
strates that fluoresce owing to protease 
cleavage (4). 
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complexes that are relayed by SCS macro- 
phages (6), retaining antigen in its native 
structure. FDCs can also endocytose and re- 
cycle antigens, which is thought to preserve 
antigen from degradation by extracellular 
proteases (7). Some viruses, most notably 
HIV, can also access the FDC network and 
use this protective capacity to establish a 
long-term source of replication-competent 
virus (8). Both sugars and immune com- 
plexes can direct antigen to FDCs (9), which 
then support the formation of germinal 
centers (sites for antibody somatic hyper- 
mutation within B cells in the follicle) (70). 

Building on their previous studies dem- 
onstrating that mannose-binding lectin on 
SCS macrophages and complement direct 
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licles, FDC preservation of intact 
antigen was substantially reduced. 
Thus, although FDCs may recycle 
antigen to prevent degradation, the 
follicles in general also contribute 
to native antigen maintenance by forming a 
low-protease refuge within the node. 

The authors next applied this knowledge 
to design and test the specificity of humoral 
immune responses when antigen was tar- 
geted to the B cell follicles to avoid degrada- 
tion in the SCS. Immunization strategies that 
directed antigen to FDCs resulted in large in- 
creases in the number of germinal center B 
cells specific for intact antigen. The authors 
achieved this by using nanoparticles that 
are rapidly transported to FDCs through the 
mannose-binding lectin-complement path- 
way. This corresponded to increased levels 
of antibodies that provide vaccine-mediated 
protection when compared to non-FDC-tar- 
geted vaccines. Antibodies specific for de- 
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graded antigen did not increase even with 
enhanced follicular vaccine delivery, dem- 
onstrating that the observed effect was not 
simply a result of increased follicular antigen 
levels. Targeting the mannose-binding lectin- 
complement pathway could represent a gen- 
eral strategy for protein-based vaccination to 
enhance protective immune responses to the 
most appropriate antigen. 

These discoveries have exciting transla- 
tional implications and reveal FDC func- 
tion; however, several questions remain. 
From an evolutionary perspective, what 
is the advantage of high protease activity 
in nonfollicular areas of the lymph node? 
Degradation of viruses in the SCS could 
serve as a mechanism by which the lymph 
node prevents infection. However, in mouse 
models, SCS macrophages are infected by 
many viruses (3), suggesting that if proteo- 
lytic pathogen inactivation occurs, it is gen- 
erally not sufficient to eliminate infection. 
Furthermore, once infection is established, 
the lack of protease activity may enable fol- 
licles to serve as refuges for viruses. In situ- 
ations where FDCs trap and retain virus, 
strategies providing short-lived, targeted 
enhancement of follicular protease activity 
might represent a therapeutic approach to 
purge infection. 

Historically, successful vaccines required 
little or no knowledge of antigen move- 
ment and retention. Recent efforts, includ- 
ing those by Aung et al., have generated a 
deeper understanding of the impact of an- 
tigen preservation on the development of 
protective antibodies against structurally 
relevant antigens. Future studies will deter- 
mine whether these same principles of fol- 
licular targeting are advantageous during 
human vaccination. Regardless, a roadmap 
of safe and hazardous zones for antigen in- 
tegrity within the mouse lymph node stands 
to inform new strategies for vaccine design 
and enhancement. 
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HYPOTHESIS 


Infection infidelities drive 


innate immunity 


Unsuccessful pathogenic activities may be key 
to activating host defenses to infection 


By Jonathan C. Kagan 


ithin multicellular organisms, in- 
nate immune pattern recognition 
receptors (PRRs) control host de- 
fenses to infection. These recep- 
tors are activated by microbes, 
which facilitate their own demise 
by producing PRR ligands called pathogen- 
associated molecular patterns (PAMPs). 
Notably, the mechanisms of PRR-mediated 
microbial detection are inconsistent with 
the sensing of successful pathogens. I pro- 
pose that PRRs do not detect pathogenic 
agents per se. Rather, PRRs detect PAMPs 
that are released from microbes as a result 
of biochemical infidelities, or mistakes, 
that occur during infec- 
tion. These mistakes ren- 
der individuals within 
an otherwise infectious 
population noninfectious 
but immunostimulatory. 
Microbes could _ evolve 
strategies that increase the 
fidelity of their infectious 
strategies to evade PRRs. 
However, imperfect activi- 
ties enable biochemical in- 
novations that ensure the 
survival of the species. By 
detecting PAMPs that are released as a re- 
sult of low-fidelity biochemical activities, 
PRRs may, in effect, be targeting the very 
process that microbes need for long-term 
survival—evolvability. 

Examples of PRRs include Toll-like 
receptors (TLRs), RIG-I-like receptors 
(RLRs), the enzymes cyclic guanosine 
monophosphate-adenosine monophos- 
phate synthase (cGAS) and protein ki- 
nase R (PKR), and select members of the 
nucleotide-binding and leucine-rich repeat 
containing (NLR) protein family. The most 
intuitive examples of PRR-mediated detec- 
tion of infection infidelities derive from 
studies of nucleic acid-sensing TLRs (J). 
These TLRs reside in the endosomal net- 
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work, with their ligand-binding domains 
oriented into the endolysosomal lumen. 
This subcellular positioning is not con- 
ducive to the detection of viable microbes 
because lysosomes are a subcellular site of 
microbial destruction (see the figure). 

The specific nucleic acids detected by 
TLRs suggest preferential detection of 
dead microbes. Free guanosines and uri- 
dines represent cofactors that, along with 
single-stranded RNA (ssRNA), activate 
TLR7 and TLR8, respectively (J). Similarly, 
trinucleotides containing cytosines syn- 
ergize with CpG-containing ssDNA to 
activate TLR9. The requirement of short 
nucleotide sequences (or free nucleosides) 
to activate several TLRs supports the idea 
that lysed microbial cells 
or degraded virions are de- 
tected after their genomes 
have been hydrolyzed. 

ven when free nucleo- 
sides are not required for 
TLR activation, as in the 
case of TLR3, the nature 
of the ligand is not con- 
ducive to the detection of 
viable microbes. Crystal 
structures of TLR3 re- 
vealed extensive contacts 
with double-stranded RNA 
(dsRNA) (2). The genomes of dsRNA vi- 
ruses are typically enclosed in chromatin- 
like ribonucleoprotein (RNP) complexes, 
which should prevent interactions be- 
tween the genome and TLR3. 

Endosomal TLRs that specifically de- 
tect bacterial nucleic acids also do not de- 
tect viable microbes. For example, mouse 
TLR13 and human TLR8 recognize a spe- 
cific RNA sequence that is only present in 
bacterial 23S ribosomal RNA. Only after 
bacterial degradation in lysosomes would 
TLR13 or TLR8 be exposed to their RNA 
ligands. Plants also detect a component of 
the bacterial translation machinery, the 
highly conserved elongation factor thermo 
unstable (EF-Tu) protein. The plant PRR 
EF-Tu receptor (EFR) preferentially detects 
proteolytic fragments of EF-Tu that are in 
the extracellular space as opposed to the 
intact EF-Tu protein (3). Lysed or stressed 
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bacterial cells are a likely source of extra- 
cellular EF-Tu that may be subsequently 
hydrolyzed to create optimal PRR ligands. 
Bacteria that executed successful virulence 
strategies would have avoided destruction 
by mammalian lysosomes or plant defenses, 
thereby maintaining their intracellular 
pools of nucleic acids and EF-Tu and avoid- 
ing PRR detection. 

Cytosolic nucleic acid-sensing PRRs 
also operate in ways that are not condu- 
cive to detection of successful pathogens. 
For example, cGAS, absent in melanoma 2 
(AIM2), and interferon-y inducible protein 
16 (IFI16) are most efficiently activated by 
non-protein-coated dsDNA (4), and PKR 
inactivates mRNA translation upon detec- 
tion of noncoated RNA ligands as opposed 
to RNPs (5). In the case of cGAS, this PRR 
can interact with protein-coated DNA, 
but the downstream interferon-inducing 
activities of this enzyme only occur when 
cGAS binds protein-free DNA (6). The 
chromatin-like nature of replicating viral 
DNA should prevent DNA-sensing PRRs 
from detecting successful pathogens. PRR 
activation during DNA virus infection may 


therefore result from the detection of non- 
coated (and perhaps inactivated) virions. 

The ability of the RLR RIG-I to detect 
infection is dependent on its recognition of 
cytoplasmic di- or triphosphorylated RNAs 
(5). Yet, several viral pathogens modify 
their RNA termini (through capping or 
dephosphorylation) in a manner that is 
not compatible with RIG-I detection (7). 
MDAS, the other immunostimulatory RLR, 
does not recognize the termini of RNA and 
rather binds internal structures of dsRNA 
that are typically encapsulated in RNPs (5). 
In several cases, immunosuppressive but 
productive viral infections can be rendered 
nonproductive (and immunostimulatory) 
when expression of the histone-like com- 
ponent of the RNP is experimentally re- 
stricted (8). Thus, successful pathogens are 
able to prevent exposure of their PAMPs to 
PRRs or block downstream PRR signaling 
through virulence factor activities. 

Despite virulence strategies that encap- 
sulate viral genomes into RNPs and modify 
the 5’ termini of their nucleic acids, RNA 
viruses typically stimulate RLRs (5). This 
disconnect between pathogenesis strate- 


Activating pattern recognition receptors 

Successful viral and bacterial infections do not activate pattern recognition receptors (PRRs) and downstream 
innate immune responses. Instead, infidelities in viral and bacterial infections can create ligands for PRR 
activation. For example, nucleic acids from pathogen degradation in endosomes and lysosomes can activate 
Toll-like receptors (TLRs). Mistakes in viral replication can also activate PRRs. Moreover, bacterial secretion 
systems can mistakenly release cell wall components, metabolites, or flagellin monomers into the cytosol, 
which stimulate PRRs, such as NLR family apoptosis inhibitory protein 5 (NAIP5). 
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gies that should prevent PRR signaling and 
the known ability to stimulate PRRs can be 
explained by the selective detection of the 
errors made at some stage of the infectious 
cycle. Low-fidelity RNA polymerases or 
inefficiencies of capsid assembly may dis- 
rupt the life cycle in subsets of the infec- 
tious inoculum, leading to PRR activation. 
Consistent with this idea, deep sequencing 
studies of infected cells and animals re- 
vealed preferential interactions between 
RIG-I and short influenza virus RNAs that 
do not encode functional proteins, as op- 
posed to full-length viral genomes (9). 

The bacterial flagellar apparatus, the type 
III secretion system (T3SS), and T4SS are 
each multiprotein complexes that span the 
inner and outer bacterial membranes (J0). 
These complexes export bacterial proteins 
into the extracellular space. In the case of 
the flagellar system, the protein secreted 
is flagellin, which subsequently oligomer- 
izes into a flexible filament (the flagellum) 
that enables bacterial motility. Flagellin is 
a TLR5 ligand, but the TLR5 binding site 
is positioned at the interface between ad- 
jacent flagellin monomers (JJ). A functional 
flagellum will therefore not display its TLR5 
binding site to this PRR. Yet, flagellin mono- 
mers that fail to incorporate stably into the 
flagellum can activate TLR5. Similar innate 
immune strategies exist in plants, where the 
PRR flagellin-sensitive 2 (FLS2) binds pro- 
teolytic fragments of flagellin monomers at 
sites that are not exposed on the surface of 
an intact flagellum (72). Biochemical ineffi- 
ciencies in flagellar biosynthesis or function 
(or an inability to evade cleavage by extra- 
cellular plant proteases) likely explain how 
these PRRs access their flagellin ligands. 

T3SS and T4SS complexes inject bacte- 
rial proteins into eukaryotic cells, resulting 
in host manipulation during infection (0). 
These systems are thought to also inject fla- 
gellin (13). Assuming that the only function 
of flagellin is to build a motility organelle, 
then its injection into a host cell represents 
an error in secretion system substrate se- 
lection. Upon injection into the cytosol, 
the PRRs NLR family apoptosis inhibitory 
protein 5 (NAIP5) and NAIP6 bind to fla- 
gellin monomers. In a thematically similar 
manner, NAIP1 and NAIP2 bind to the mo- 
nomeric building blocks of the needle and 
inner rod components of T3SS from several 
bacteria (13). Similar to flagellin monomers, 
these injected monomers can be considered 
useless for secretion system function. 

Bacterial cell wall lipopolysaccharide 
(LPS) and peptidoglycan components, such 
as muramyl dipeptide (MDP), can also be 
injected into host cells through secretion 
system activities, as can adenosine diphos- 
phate (ADP)-heptose, a precursor of LPS 
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(14). Each of these cell wall components 
stimulate distinct PRRs. It stands to reason 
that the injection of these biosynthetic in- 
termediates into the host cell does not serve 
the purpose of building a bacterial cell wall. 
Additionally, in plants, medium-chain 3-hy- 
droxy fatty acids that serve as LPS biosyn- 
thesis precursors can activate immune re- 
sponses through the Arabidopsis thaliana 
PRR_ lipooligosaccharide-specific reduced 
elicitation (LORE) (15). PRRs that detect 
cell wall biosynthesis intermediates may 
therefore be operating to detect biochemi- 
cal errors in cell wall biosynthesis or stabil- 
ity. A similar theme is offered by bacterial 
cyclic dinucleotides, which serve a meta- 
bolic function in bacteria yet activate the 
PRR stimulator of interferon genes (STING) 
upon their release into mammalian cells (4). 

Collectively, >24 PRRs in plants and ani- 
mals are preferentially activated by PAMPs 
that are released through low-fidelity in- 
fection strategies. These strategies, if ex- 
ecuted properly, should prevent microbial 
degradation in lysosomes, the inefficient 
encapsulation of viral nucleic acids, and 
the mistaken injection of cell wall compo- 
nents, along with virulence factors, into 
the host cell cytosol. The result of a suc- 
cessful infection is therefore the evasion 
of PRR detection. Increasing infection 
fidelity could maximize PRR evasiveness 
in the short term but may limit adaptabil- 
ity of the species, with implications for 
host diversification. 

Like all areas of biology, exceptions to 
suggested biological rules exist. For ex- 
ample, PRRs that detect bacterial LPS 
molecules and lipoproteins may represent 
examples of pathogen detection systems. 
These molecules are displayed on the sur- 
face of bacteria and are detected by spe- 
cific TLRs in their intact forms. Similarly, 
the PRRs dectin-1 and dectin-2 recognize 
B-glucans and a-mannans, respectively, 
whose positioning on the fungal cell wall 
facilitates detection. However, there are 
possible explanations for these exceptions. 
The mammalian LPS detection systems are 
not as ancient as other PRR networks, such 
as the endosomal TLRs, RLRs, cGAS, and 
STING. These ancient PRR systems detect 
the most definitive example of PAMPs that 
are released as a result of infection infidel- 
ity—nucleic acids. Outside of mammals, 
few examples of immunostimulatory LPS 
activities (or LPS receptors) exist. Indeed, 
the genes encoding the mammalian LPS 
receptors CD14, TLR4, and MD2 are absent 
from the genomes of fish and invertebrates 
(which constitute >90% of metazoan life). 
Thus, exceptions to the error-centric theme 
of pattern recognition may be a recent evo- 
lutionary innovation. 


SCIENCE science.org 


For the targeting of infection infidelities 
to be a successful defense strategy, these 
infidelities must be common. The wide- 
spread presence of viral particles contain- 
ing incomplete genomes during infection 
and the injection of cell wall components 
into mammalian cells by diverse bacterial 
secretion systems supports this conten- 
tion. Additionally, the preference of plant 
PRRs to detect protein and peptidoglycan 
degradation products as PAMPs suggests 
that low-fidelity metabolic or virulence 
activities are prevalent and can drive in- 
nate immunity. 

Even if low-fidelity biochemical reac- 
tions were rarely detected by PRRs dur- 
ing infection, the rarity would need to ap- 
proach zero for host defenses to be avoided. 
The very nature of the mammalian inflam- 
matory and plant hypersensitive responses 
induced by PRRs enables tissue (and likely 
systemic) defenses to be executed against 
the entire microbial community. Studies of 
infection at the single-cell level could re- 
veal the generality of these concepts and 
how they affect defense. Additional work is 
also needed to understand how inflamma- 
tory activities that drive tissue repair after 
infection resolution may be affected by re- 
sidual PAMPs derived from dead microbes. 

An implication of the infection infidelity 
concept is that it provides the opportunity 
to develop anti-infective drugs that are 
also immunotherapies. It is possible that 
drugs that disrupt viral life cycles would, 
in immunocompetent cells, result in the 
release of PAMPs to the host immune sys- 
tem. Similarly, antibiotics that target bac- 
terial cell walls may cause the release of 
cell wall components or cyclic dinucleo- 
tides that stimulate PRRs. Integrating PRR 
assays in anti-infective clinical pipelines 
may therefore offer opportunities for drug 
development. 
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NEUROSCIENCE 


Neurons share 
an intense load 


Time-of-day-detecting cells 
in the eye give customized 
responses to light intensity 


By Paul R. Martin 


iny pulses of electrochemical energy 

known as “spikes” underlie brain 

function, from sensation and cogni- 

tion to engendering vigorous action 

or quiet reflection. But exactly what 

kind of messages do spikes transmit 
to, through, and from the brain? On page 
376 of this issue, Liu et al. (1) show how 
spiking activity in a small set of neurons 
in the macaque monkey eye can inform 
the brain about the huge range of environ- 
mental illumination encountered across 
every 24-hour day-night cycle. Light detec- 
tion by the eye can synchronize the body’s 
biological (or circadian) rhythms to this 
cycle, regulating essential functions such 
as sleep, attention, and energy expendi- 
ture. The authors found that unlike con- 
ventional photoreceptors (rods and cones, 
which show stereotyped responses across 
a limited range of background intensities), 
each time-of-day-detecting neuron signals 
a different range of photon flux, so that 
together the population can encode the 
vast intensity range from starlight to 
bright sunlight. 

A central problem addressed by Liu e¢ al. 
relates to a long-established observation: 
An individual neuron has limited signaling 
bandwidth. About a century ago, pioneer- 
ing neuroscientists Lucas and Adrian (2, 3) 
first found evidence that neurons transmit 
information in the form of electrochemi- 
cal impulses. Adrian later followed Lucas’s 
suggestion (4) to build a thermionic valve 
amplifier and measure these impulses in 
single stretch-receptor fibers from frog 
sartorius muscle. He found that when 
the muscle was stretched, the rate of im- 
pulses increased in proportion to the de- 
gree of stretch. The ensuing rate-coding 
hypothesis has become a central tenet in 
understanding the messages carried by in- 
dividual neurons. For example, high spike 
rates in sensory neurons engender intense 
sensations, and if spikes are widely spaced 
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Environmental radiance coding in primate retina 

The retina comprises photoreceptors (rods and cones) that show stereotyped responses across a limited range 
of background light intensities. In addition, melanopsin-expressing retinal output neurons (retinal ganglion 
cells called melanopsin cells) show more complex and idiosyncratic response functions with peak amplitudes 
of receptor responses according to different environmental irradiances. 
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in time, the sensations are correspond- 
ingly feeble. Likewise, high spike rates in 
neurons that innervate muscles generate 
strong contractions and low spike rates 
generate only weak contractions. 

But the rate coding is constrained by 
biology: Each spike uses energy, neurons 
typically do not sustain rates above 50 
spikes per second, and the number of dis- 
criminable levels of activity observed in a 
single neuron is correspondingly low (5). 
Spike-rate adaptation (where spike rate 
slowly falls if stimulus intensity does not 
change) can broaden nerve signal band- 
width (5) but comes at the cost of favor- 
ing detection of rapid changes over slow 
changes in the environment. How, then, 
can the brain be informed of the very slow 
(24-hour period) and very large (over eight 
logarithmic units) changes in environmen- 
tal light intensity encountered by most ani- 
mals across a day-night cycle? 

Nerve signals serving the sense of sight 
are carried along the optic nerve to the 
brain on the extended processes of reti- 
nal output cells called ganglion cells. An 
important clue to understanding time-of- 
day coding came when a new ganglion cell 
type was identified in 2002 (6, 7). These 
ganglion cells, known as melanopsin cells, 
show intrinsic photosensitivity based on 
a melanopsin-initiated phototransduc- 
tion cascade, and innervate brain centers 
that control circadian rhythms (6-0). 
Melanopsin belongs to a large family of 
light-sensitive opsins. In the eye, the best 
known are in rod and cone photorecep- 
tors. By contrast, the melanopsin cells have 
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many features in common with the rhab- 
domeric photoreceptors expressed in the 
eyes of invertebrates. To study the mela- 
nopsin cascade, Liu et al. developed an an- 
tibody-based method to identify melanop- 
sin cells in live ex vivo macaque monkey 
retina, as well as in mouse cells carrying 
transgenically inserted components of the 
human melanopsin cascade. They found 
that the monkey melanopsin cells have id- 
iosyncratic irradiance response functions, 
with distinct cells showing activity peaks 
at different levels of absolute photon flux 
(called population-radiance encoding). 
Thus, the population of melanopsin cells 
work together to signal a larger range of 
intensity than can be covered by a single 
neuron rate code (see the figure). 

Axonal recordings were previously 
used to show a similar population-coding 
mechanism in mouse retina (J). But the 
live immunotagging method developed 
by Liu et al. goes much further, allowing 
observations of phenomena such as mul- 
tistable photoswitching in melanopsin 
cells. When rod and cone opsins absorb 
a photon, they fall into an inactive state, 
and the chromophore (light-absorbing 
molecule) 11-cis-retinal must pass through 
a multistep reactivation cascade involving 
transport out of, then back into, the photo- 
receptor. By contrast, the chromophore in 
melanopsin cells can be reversibly knocked 
into or out of active states by successive 
photon absorption. This and other features 
of melanopsin-based phototransduction 
extend the range of light intensity encoded 
by individual melanopsin cells. 


In addition to revealing population cod- 
ing in the nervous system, the results of 
Liu et al. open a door to manipulating 
melanopsin cell activity by tailoring the in- 
tensity and spectral content (roughly, the 
brightness and color) of artificial lighting, 
including therapeutic lighting for mood 
disorders such as seasonal affective dis- 
order (72), and for reducing disturbances 
to circadian rhythms experienced by shift 
workers, new parents, and in air travel 
across time zones. Activated melanopsin 
induces persistent spiking in melanop- 
sin cells, which Liu et al. show can be 
preferentially driven back to an inactive 
(nonspiking) state by long-wavelength 
light. This observation points to the po- 
tential for long-wavelength light to (para- 
doxically) mimic the effects of low light 
levels at nighttime by shutting down mela- 
nopsin cells. 

It is important to emphasize that the 
study by Liu et al. goes beyond simply re- 
producing in monkeys what has been pre- 
viously found in mice. Mice and monkeys 
occupy distinct ecological and behavioral 
niches and, crucially, mice are primarily 
nocturnal whereas monkeys (and most 
humans) are primarily active during the 
day. This means that a common proximate 
mechanism (population-radiance encod- 
ing) drives distinct circadian behaviors, 
sending mice to hide and sleep at illu- 
mination levels where monkeys start to 
rise and begin their daily activity. Every 
physiological process in animal bodies 
undergoes circadian rhythms (J3). The 
presence of common mechanisms for ir- 
radiance encoding across more than 70 
million years of independent evolution 
indicates strong evolutionary pressure for 
tight control of circadian rhythms by accu- 
rate reporting of environmental illumina- 
tion to the brain. 
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RETROSPECTIVE 


Dieter Oesterhelt (1940-2022) 


Pioneer of membrane protein research 


By Peter Hegemann! and Hartmut Michel? 


ieter Oesterhelt, the biochemist who 

identified the first known microbial 

rhodopsin, died on 28 November 2022 

at age 82. Dieter’s discovery of the color 

and function of the so-called purple 

membrane of the halophilic bacterium 
Halobacterium salinarum—and the avail- 
ability, simplicity, and stability of its single 
protein, bacteriorhodopsin—laid the founda- 
tions for the membrane protein research field 
that he launched in 1971. Microbial rhodop- 
sins act as light-driven pumps, channels, and 
enzymes, making the field of optogenetics, 
in which light controls the activity of targets 
such as neurons, possible. 

Born in 1940 in Munich, Dieter spent much 
of his career close to home. After receiving 
his diploma in chemistry in 1965 from the 
University of Munich, he remained there to 
work with biochemist and Nobel laureate 
Feodor Lynen on the structure of fatty acid 
synthetase, earning his PhD in biochemistry 
in 1967. Disappointingly, the crystals he ob- 
tained were disordered, so he joined the labo- 
ratory of Walther Stoeckenius, a biophysicist 
at the University of California, San Francisco, 
in 1969 to use electron microscopy. In 1979, 
after brief stints at the Friedrich Miescher 
Laboratory in Tiibingen and the University of 
Wiirzburg, Dieter was appointed as a director 
at the Max Planck Institute of Biochemistry 
in Martinsried, near Munich, where he 
worked until his retirement in 2008. 

While in San Francisco, Dieter met bio- 
physicist Allen Blaurock, who was working 
on purple-colored membrane patches from 
H. salinarum. Dieter started the biochemical 
characterization of this strange membrane as 
a side project. He discovered that it contains 
only one protein and showed that its color is 
caused by the cofactor retinal, just as in ani- 
mal rhodopsins. For that reason, he named 
the chromoprotein “bacteriorhodopsin” (BR). 

Back in Munich, Dieter found that illumi- 
nation bleached the purple color reversibly, 
similar to the color change of rhodopsin in 
animal eyes upon illumination. But the color 
of BR regenerated rapidly and did not require 
enzymatic reactions. In 1972, Dieter proposed 
that BR functions as a light-driven proton 
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pump, constituting the second most abun- 
dant type of photosynthesis in the oceans. BR 
energizes halobacteria by creating an elec- 
trochemical proton gradient across the cy- 
toplasmic membrane, which is used to drive 
the synthesis of adenosine triphosphate. This 
relation was the essence of Peter Mitchell’s 
chemiosmotic theory, which BR experiments 
finally confirmed. 

As a Max Planck director, Dieter carefully 
characterized the bioenergetic functionality 
of BR, studied its reconstitution from apo- 
proteins, and analyzed the dynamics of the 
light-triggered proton-pumping reaction 


cycle. At a time when no membrane pro- 


tein sequence, gene sequence, or structural 
information about membrane proteins was 
available, Dieter and his collaborators used 
x-ray crystallography, ultrafast spectroscopy, 
Fourier transform infrared spectroscopy, 
Raman spectroscopy, and nuclear magnetic 
resonance to conduct pioneering work on the 
structure and function of BR. 

In 1978, Dieter’s new field leapt for- 
ward when Har Gobind Khorana and Yuri 
Ovchinnikov each independently published 
the amino acid sequence of BR—the first 
known sequence of a membrane protein. 
Khorana sequenced the BR gene 2 years 
later. These two findings triggered a long 
process of molecular characterization of BR, 
led by a fruitful and friendly competition 
between Dieter and Khorana, who shared a 
deep mutual respect. Both labs, with their 
many collaborators, elucidated the molecular 
properties and constraints that determine 
BR’s color, photodynamics, and constituent 
amino acids. The technology and molecular 


approaches that were developed for and with 
BR laid the groundwork for Dieter’s and oth- 
ers’ rapid characterization of myriad related 
microbial rhodopsins. 

Dieter contributed to other fields as well. 
He discovered a plant ferredoxin in halobac- 
teria, representing one of the earliest known 
cases of horizontal gene transfer. He and col- 
leagues showed that the accessory chloro- 
phyll of the photosynthetic reaction center 
is the first transient electron acceptor of the 
electron released by the chlorophyll special 
pair after photoexcitation. With great enthu- 
siasm, Dieter supported diverse technical BR 
applications, including in biocomputing, ho- 
lography, and pattern recognition. 

Dieter’s passion for science came through 
in his support for fellow scientists. He encour- 
aged many former students and co-workers 
to launch independent research in his depart- 
ment; we were both grateful beneficiaries of 
this generosity. The success of Dieter’s de- 
partment arose from its creative atmosphere, 
where science came first but every individual 
was appreciated, respected, and supported. 
Dieter enjoyed lab parties and welcomed 
everyone to join him on excursions. An avid 
runner, tennis player, downhill skier, and 
mountaineer, he enjoyed being challenged 
athletically by his group members. 

In addition to being an enthusiastic ex- 
perimentalist, Dieter was an active science 
administrator and science policy adviser, al- 
ways seeking to identify the best science that 
could be supported by the available funds. 
With geneticist Ernst-Ludwig Winnacker, 
Dieter established the Gene Center Munich, 
which served as a model for collaboration be- 
tween the University of Munich and the Max 
Planck Society. Above all, he generously sup- 
ported young colleagues as they made their 
transitions to independence. 

For his groundbreaking science and scien- 
tific leadership, Dieter received many honors 
and awards. Already in 1982, he received the 
Feldberg Prize for Anglo-German Scientific 
Exchange. His pioneering achievements in 
biochemistry and molecular biology earned 
him the Otto Warburg Medal of the German 
Society for Biochemistry and Molecular 
Biology in 1991. In 2021, he shared the Albert 
Lasker Basic Medical Research Award for the 
development of optogenetics. 

Dieter’s collaborators and trainees around 
the world have lost a deeply respected and 
trusted adviser, supervisor, and friend, who 
appreciated both strengths and weaknesses 
but always pushed his colleagues forward 
into unexplored territories. The global scien- 
tific community has lost an exceptional scien- 
tist and visionary leader. We owe him a great 
deal and will continue to honor his memory 
in our work. 
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Science in the age of podcasts 


A powerful 21st-century medium affords new 
opportunities for learning and creative thinking 


By Alex Gomez-Marin 


n his visionary 1964 book Understand- 

ing Media: The Extensions of Man, 

the Canadian media theorist Marshall 

McLuhan claimed that “the medium 

is the message,’ meaning that what 

is said is less consequential than how 
or where it is said (7). Accordingly, he ar- 
gued, the study of human communication 
should give primacy to the communication 
medium itself. 

If McLuhan is right, then podcasts are 
not only an atypical species in the media 
ecosystem but a potentially transforma- 
tive one. The combination of message, 
messenger, and moment makes them an 
idiosyncratic medium for conceiving and 
communicating burgeoning ideas. This is 
therefore a timely moment to reflect on 
what this media form can offer to science 
and science communication writ large. 

In 2019, in one of the first and most 
thorough studies of the science podcast- 
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ing landscape, Lewis MacKenzie reported 
that the total number of such programs 
increased linearly from 2004 to 2010, fol- 
lowed by an exponential growth between 
2010 and 2018 (2). And this was before 
the COVID-19 pandemic. Shows continue 
to increase in number, reaching growing 
audiences in many different countries, lan- 
guages, and cultures. 

The many merits of podcasts are obvious 
but nontrivial. Such programming is often 
cheap or even free, both to produce and to 
consume. And their digital nature allows 
podcasts to reach not only very large audi- 
ences but also diverse ones. Crucially, pod- 
casting bolsters complexity and delivers 
pluralism. The intimate is made public in 
a bottom-up ecology of individual creators 
and self-organized communities. 

In addition, and especially relevant to 
the dissemination of scientific knowledge, 
podcasts disentangle human communica- 
tion from time and space. Conversations 
that might once have been held at meet- 
ings or specialist conferences can now be 
accessed from anywhere, helping to reduce 
the carbon footprint of knowledge dif- 
fusion, while sedimenting an invaluable 
online library for new learning. Hearing 


Podcasts can spread scientific knowledge to diverse 
audiences but can also exacerbate echo chambers. 


different voices discussing science in dif- 
ferent ways may also help dispel outdated 
stereotypes of whom science is made by 
and for, while the informal, long-form, 
conversational nature of this type of me- 
dium encourages candid discussion that 
helps listeners understand the nuance of 
scientific knowledge making, bringing to 
the fore the perspectival and participatory 
nature of rational inquiry. 

Of course, a dark side of podcasting ex- 
ists too. We are all prey to clickbait content 
and audience capture dynamics, which can 
reinforce echo chambers. Content produc- 
tion for its own sake can be a pitfall too. 
Misinformation and disinformation, how- 
ever, are arguably its most dangerous perils. 

Should we attempt to filter out conten- 
tious “scientific” material? This leads to 
broader philosophical and _ sociopolitical 
questions. Censoring untrustworthy pod- 
casts is likely to be not only fruitless but 
feckless. Follow “the science,” some experts 
say, but science is not monolithic. Beyond 
compulsive accusations of conspiracy or 
collusion, podcasting can nurture an ethos 
of consilience. Curation, rather than cen- 
sorship, will become a true art form in 
times to come. 

So, what is really at stake? Why should 
scientists care? Not long ago, the paradig- 
matic way to produce and disseminate sci- 
entific knowledge was by letters and lec- 
tures. We now post preprints, attend virtual 
conferences, and download papers elec- 
tronically. Drawing on notions advanced by 
American cultural anthropologist Margaret 
Mead regarding the generational making 
and remaking of society (3), we must real- 
ize, celebrate, and capitalize on the fact 
that early career and future scientists fall 
within a demographic that is the primary 
consumer of podcasts today (4). Podcasts 
are thus poised to play a central role in how 
these individuals make and take scientific 
knowledge. But podcasting’s greatest virtue 
is probably its fitness to present the scien- 
tific enterprise as it actually is: an ongoing 
complex process of intersubjective consen- 
sus, rather than a machine for the making 
of unquestionable truths. & 
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SCIENCE LIVES 


A population pessimist turns 90 


Paul Ehrlich reflects on life, love, and the science 
and politics of the human predicament 


By Peter Gleick 


or decades, the pioneering biologist 

and environmental scientist Paul Ehr- 

lich, now 90, has published prolifi- 

cally on topics ranging from species 

dynamics to population and consump- 

tion to nuclear war. In addition, he 
has provided straightforward explanations 
of science that have reached millions of peo- 
ple, including more than 20 appearances 
on The Tonight Show with Johnny Carson, 
who found Ehrlich to be brilliant and funny, 
with a sharp wit and acerbic tongue. Those 
attributes are all on display in Ehrlich’s 
compelling autobiography, Life: A Journey 
Through Science and Politics. 

Ehrlich’s life has spanned the Great 
Depression, World War II, the Cold War, 
decades of stunning scientific advances, the 
flowering of civil rights, and a quadrupling 
of Earth’s population. His memoir includes 
remarkable stories of his research, travels, 
friends, colleagues, and scientific contro- 
versies that still roil today. It is also a love 
story, highlighting Ehrlich’s passion and es- 
teem for both science itself and for his wife 
of nearly 70 years, Anne Ehrlich, an intel- 
lectual and artistic powerhouse in her own 
right and Ehrlich’s long-time coauthor. 

Ehrlich’s earliest work focused on insect 
dynamics through field surveys that took 
him from the Arctic to tropical rainforests. 
He discovered new species of butterflies, 
studied tropical fishes and birds, and re- 
defined the very concept of species, help- 
ing to create the field of population biology 
by integrating zoology, botany, and ento- 
mology with population dynamics, genet- 
ics, behavior, and evolution. 

But the arc of Ehrlich’s life has also in- 
cluded watching his beloved butterflies 
disappear as human populations have 
exploded, natural lands have been paved 
over, and climate change, pesticide use, 
and habitat destruction have expanded. 
This produced in him “a deep sadness— 
and a drive to reverse the ongoing destruc- 
tion of the living world before it’s too late” 
and fueled his efforts to raise the alarm 
about the risk of “a collapse of civilization 
as the existential threats—those endanger- 
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ing our very existence” worsen. 

Ehrlich’s reminiscences about students 
and colleagues are remarkably funny, in- 
sightful, loyal, and generous. But he does 
not suffer fools gladly, and his book in- 
cludes pointed barbs at science deniers 
and “destructive segments of the American 
population” who reinforce the pathology 
of unlimited growth, kowtow to the fossil 
fuel industry and other corporate interests 
(“psychopathic engines of social and envi- 


Paul Ehrlich and an assistant catch 
checkerspot butterflies in California’s Jasper Ridge 
Biological Preserve in 1960. 


ronmental destruction”), and fail to act on 
the world’s problems. 

In 1968, the Ehrlichs wrote The 
Population Bomb, which shined a spotlight 
on the famine, social collapse, and envi- 
ronmental destruction that they believed 
would come to pass if population growth 
and other environmental threats continued 
to expand exponentially. It garnered mas- 
sive public attention but was also attacked 
by free-market economists who assumed 
infinite growth is always good, optimists 
who believed technology can overcome ad- 
verse consequences of expanding popula- 


Life: A Journey Through 
Science and Politics 

Paul R. Ehrlich 

Yale University Press, 2023. 
408 pp. 


iF 


tions, and some who criticized the book for 
failing to adequately acknowledge the role 
of consumption, wealth inequality, and 
racism in the population debate. 

In Life, Ehrlich decries how his concerns 
about population growth were co-opted by 
racists who argued that the cure was to 
stop certain populations (almost always 
nonwhite) from reproducing and by those 
who turned a blind eye to consumption 
by the rich. Indeed, throughout the book, 
he reflects on the roles racism and sexism 
have played in his own experiences, includ- 
ing his efforts to organize sit-ins to deseg- 
regate restaurants as a graduate student in 
Kansas and to push back against the rac- 
ist claims of eugenicist William Shockley, 
with whom he overlapped at Stanford 
University. 

Modern understanding of the issues of 
population, inequality, consumption, and 
technology is far more nuanced than when 
The Population Bomb was first published. 
Ehrlich himself, together with Anne and 
other collaborators, helped define the in- 
tertwined role these factors play, but as he 
puts it, bringing down population num- 
bers remains necessary to realizing “justice 
and equity and creating a world with any 
chance of sustainability.” 

Ehrlich still fears that we are headed 
for political and social unrest or even en- 
vironmental collapse, but despite his deep 
pessimism, he acknowledges that we are 
making progress. Birth rates have dropped 
because of improved education, availability 
of contraceptives, information about family 
planning, and decreasing poverty. Action on 
climate change is accelerating. Concern for 
the environment is growing. If these trends 
continue, he writes, “the prospects for hu- 
manity would brighten considerably.” 

Life is also Ehrlich’s reflection on the 
inevitability of his own death. He laments 
declining health and physical abilities and 
watching longtime friends and colleagues 
pass away, although “the thought of liv- 
ing forever has no appeal and being dead 
itself holds no fears.” His greatest regret, he 
says, is not knowing the ultimate fate of hu- 
manity. Whatever our eventual fate, we are 
likely to be better off because of Ehrlich’s 
remarkable contributions. & 
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EU deforestation law 
overlooks emerging crops 


The new European Union (EU) deforesta- 
tion law, for which a provisional political 
agreement has been reached (1), aims to 
limit imported commodities identified as 
the main drivers of deforestation, such 
as cocoa, coffee, oil palm, and soya (2). 
According to the current proposal, none 
of these products “would be allowed 
to enter or exit the EU market if they 
were produced on land subject to defor- 
estation or forest degradation” after 31 
December 2020 (3). Because production 
and consumption patterns can shift 
rapidly as global markets fluctuate, leg- 
islation should also allow for limits on 
emerging commodities that degrade for- 
ests; cashew-driven deforestation in the 
Afrotropics is a poignant example. 
Cultivation of cashew (Anacardium 
occidentale L.) has grown seven-fold 
in recent decades, from 1.1 million ha 
in 1988 to 7.1 million ha in 2020, and 
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demand continues to rise (4). As of 
2020, the total area covered by cashew 
was still much lower than oil palm (29 
million ha) and soybeans (127 million 
ha), but it has quickly reached the scale 
of coffee (11 million ha) and cocoa (12 
million ha) (5). Furthermore, compared 
with cashew, coffee and cocoa are 
increasing at a much slower rate; since 
1988, coffee has seen little change, and 
cocoa has doubled (5). Cashew, like other 
crops that have devastated tropical for- 
ests worldwide (2), is grown in full sun 
monocultures at vast scales. Although 
cashew research remains scant, there 

is mounting evidence that plantations 
offer little habitat for native species 
and encroach upon biodiverse forests 
inhabited by African forest elephants 
(Loxodonta cyclotis), chimpanzees 

(Pan troglodytes), and other endangered 
species (6-10). 

The new deforestation law is an 
important step to prevent the EU-driven 
loss of forest, carbon stocks, and biodi- 
versity, particularly in megadiverse trop- 
ical regions (17). However, to meet these 
goals, the list of commodities regulated 


by the EU law needs to build in the 
option to add emerging crops with 
high deforestation potential. Without 
that flexibility, crops such as cashew 
will remain unregulated as they 
increasingly drive forest destruction 
across the tropics. 
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The effects of emerging crops 

such as cashew (shown here 
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Hidden costs of Europe’s 
deforestation policy 


The European Union (EU) soon plans 

to implement a law that would limit the 
importation of products known to drive 
deforestation (1), including Brazilian 
products originating from deforested 
areas in the Amazon. The law’s goal of 
removing incentives that lead to forest 
degradation is laudable, given the rate of 
deforestation (2). However, by focusing 
on forests alone, the law is potentially 
putting other ecosystems at greater risk, 
as well as overlooking the reliance of 
forests on adjacent regions. To prevent 
unintended consequences, the EU should 
expand the law to include ecosystems 
other than forests. 

In response to the law, agribusinesses 
in the Amazon will likely search for a way 
to continue exporting their products to 
the EU. One strategy could be to move 
their operations to nearby regions that 
are not primarily forests, such as the 
Cerrado. Located adjacent to the Amazon, 
the Cerrado spans more than 2 million 
km2 and is the most diverse savanna in 
the world (6). However, more than 46% of 
the land in the region has been converted 
to pasture (6, 7), and local water sources 
have been depleted (8). If agribusinesses 
moved to the Cerrado, they would convert 
additional land to agriculture or pastures, 
increasing vegetation loss (3—5). The 
resulting water and energy shortages (5, 
6, 8) would affect everyone in the region, 
including agribusinesses (9), and poten- 
tially disrupt supply chains for Cerrado 
products such as almonds and pequi (10). 

In addition to providing needed pro- 
tection to ecosystems other than forests, 
broadening the EU law could better pro- 
tect forests. The Amazon and the Cerrado 
interact through atmospheric water 
circulation (JO, 11). By indirectly causing 
further land degradation in the Cerrado, 
the law could disrupt the atmospheric 
dynamics that support biodiversity in the 
Amazon. To protect other ecosystems and 
the full spectrum of forests’ needs, the 
EU should expand its policy as soon as 


possible, and legislation across the globe 
should aim to protect every type of vul- 
nerable ecosystem. 
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Animal agriculture’s 
potential financial risks 


With a contribution of 16.5% to global 
greenhouse gas emissions (7), animal 
agriculture is a key driver of climate 
change, second only to fossil fuels. Soy 
production—three-quarters of which is 
used as livestock feed (2)—and beef pro- 
duction are the top two drivers of defor- 
estation in the Amazon (3). Livestock 
farming poses a risk to more than 17,900 
species listed on the International Union 
for Conservation of Nature’s Red List 

of Threatened Species (4). Because the 
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environmental threats posed by animal 
agriculture can translate into a range of 
business risks for animal protein suppli- 
ers, environmentally responsible busi- 
nesses are safer investments than those 
that cause harm (5). Therefore, businesses 
within the animal agriculture industry 
should measure and disclose their envi- 
ronmental impacts, and financial insti- 
tutions should protect themselves from 
losses by investing in businesses that are 
good environmental stewards. 

Business practices that degrade the 
environment can lead to business risks 
in the form of trade restrictions, stricter 
environmental regulations (for which 
compliance is costly), and litigation. The 
resulting financial losses can spill over 
to investors, who are then left with loan 
defaults and stranded assets (5). For 
example, the European Union (EU) re- 
cently agreed on a new law that bans the 
import of deforestation-linked commodi- 
ties such as beef and soy. To maintain 
eligibility to import to the EU, suppliers 
face strict due diligence and traceability 
requirements with potential implica- 
tions for investors (6). Similarly, New 
Zealand is set to become one of the first 
countries to tax greenhouse gas emis- 
sions from the animal agriculture sector 
(7). Meanwhile, American pork producer 
Smithfield Foods has been forced to pay 
millions in damages due to pollution 
from its animal waste lagoons (8). 

Despite the potential financial risks 
resulting from environmental impacts, 
businesses and investors are not closely 
monitoring or attempting to mitigate 
the damage they cause. A recent sur- 
vey of 60 of the largest meat, fish, and 
dairy producers with combined assets 
of US$324 billion found that 77% of 
them did not measure their greenhouse 
gas emissions or have targets in place 
to mitigate them. In addition, none of 
the 50 surveyed meat and milk produc- 
ers had a comprehensive deforestation 
policy in place (9). 

So far, the finance sector is not 
adequately taking environment-related 
financial risks into account when mak- 
ing investment decisions within the ani- 
mal agriculture space. Between 2015 and 
2020, 2500 investment firms, banks, and 
pension funds invested more than $478 
billion in meat and dairy companies 
globally (10). Over the past decade, the 
International Finance Corporation (IFC), 
the private-sector lending arm of the 
World Bank, channeled more than $1.8 
billion into mostly large-scale livestock 
and factory farming corporations (17). 

Given that the World Bank Group is 
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seen as a benchmark in environmentally 
responsible investment (12), it should 
address animal agriculture-related 

risks through its safeguard systems and 
exclusion lists. Currently, however, the 
World Bank and IFC only require their 
borrowers to improve resource and emis- 
sions efficiency (73), which may not be 
enough to prevent investments in envi- 
ronmentally—and thus financially—risky 
projects. Instead, the World Bank Group 
should establish strict investment crite- 
ria for large-scale livestock and factory 
farming operations. It should lead by 
example and avoid financing businesses 
that pose unacceptable greenhouse gas 
emission and deforestation risk. 
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TECHNICAL COMMENT ABSTRACTS 


Comment on “Interspecific competition limits bird 
species’ ranges in tropical mountains” 

Dingliang Xing, Jian Zhang, Fangliang He 
Freeman et al. (Reports, 22 July 2022, p. 
416) argue that interspecific competition 
rather than climate is the leading driver of 
bird species’ elevational ranges. A reanaly- 
sis of their data shows no support for the 
competition hypothesis, but a strong effect 
of climate seasonality on species ranges. 
Their results are artifacts arising from a 
suboptimal model that misses important 
variables. 

Full text: dx.doi.org/10.1126/science.ade2109 


Response to comment on “Interspecific 
competition limits bird species’ ranges on tropical 
mountains” 


Benjamin G. Freeman, Matthew Strimas-Mackey, 
Eliot T. Miller 

Xing et al. create new variables and fit 
models to argue against the hypothesis 
that interspecific competition shapes 
species’ elevational ranges. However, 
their key newly created variable is best 
interpreted as a proxy for the important 
variable of the interspecific competition 
hypothesis. Thus, their reanalysis uncov- 
ers the patterns we already described 
that are consistent with the interspecific 
competition hypothesis. 

Full text: dx.doi.org/10.1126/science.ade8043 


The future of scientific societies 


Add your voice to Science! Our new NextGen Voices survey for young scientists is open: 


AAAS (the publisher of Science) turns 175 years old this year! AAAS’s mission is to 
advance science, engineering, and innovation throughout the world for the benefit of all. 
Have scientific societies played a role in your career? Are scientific societies prepared to 
support scientists ina changing world? What is the most important role they could play, 
and what changes must they make to be more effective? 


To submit, go to www.science.org/nextgen-voices 

Deadline for submissions is 10 February. A selection of the best responses will be 
published in the 7 April issue of Science. Submissions should be 200 words or less. 
Anonymous submissions will not be considered. If your response is selected, Science can 
withhold your name from the published article upon request. 


science.org SCIENCE 


AAAS NEWS & NOTES 


AAAS Annual Election: Preliminary announcement 


Members will vote for president-elect and members of the Board of Directors 


The AAAS election of general officers is scheduled to begin next month. All members will receive a ballot for election of the president-elect 
and members of the Board of Directors, who will begin their terms at the 2023 Annual Meeting. Biographical information for the candidates 
will be provided along with ballots. The general election slate is listed below. 

As was approved by the Council on 22 July 2022, the newly constituted AAAS Section Committees will hold their full elections in the fall of 
2023. In an effort to conserve resources, AAAS will be sending electronic election ballots only. In order to ensure that you receive your ballot, 
please make sure your email is up to date on your membership record. If you have any questions, please contact us at elections@aaas.org. 


General Election Slate The following The following candidates will appear Jay Labov, Senior Advisor for 
candidates will appear on the ballot on the ballot for the position of Director: Education and Communication 
for the position of President-elect: Rena D’Souza, Director, National Institute (Retired), National 

Erich Jarvis, Professor, The Rockefeller of Dental and Craniofacial Research, US Academies of Sciences, 
University, and Investigator, National Institutes of Health Engineering, and Medicine 
Howard Hughes Medical Institute Kathleen Hall Jamieson, Elizabeth Ware Vassiliki Betty Smocovitis, 
Willie May, Vice President of Packard Professor of Communication Professor of History of Science, 
Research and Economic Development, and Director, Annenberg Public Policy University of Florida 


Morgan State University Center, University of Pennsylvania 


Constitution Amendment: Under the recommendation of the Governance Modernization Working Group and approval by the Council 
at the 22 July 2022 meeting, members will be asked to vote on an amendment to the Constitution as the final step toward approving the 
governance modernization efforts. For more information, visit aaas.org/amendment. 


AN ESTATE GIFT TO THE 


American Association 1848 
for the Advancement of Science SOCIETY 


AAAS is dedicated to advocating for science and If you plan to include W\ AAAS 


scientific evidence to be fully and positively integrated AAAS in your estate plans, 
into public policy, and for the community to speak with provide this information 
one voice to advance science and engineering in the to your lawyer or financial adviser: 


United States and around the world. 
Legal Name: American Association for the Advancement of Science 
You can help us. Federal Tax ID Number: 53-0196568 


Address: 1200 New York Avenue, NW, Washington, DC 20005 
By making AAAS a beneficiary of your will, trust, 


retirement plan, or life insurance policy, you will become For more information or to let us know you are including 
a member of our 1848 Society and will help fuel our work AAAS in your future giving plans, contact the AAAS 
on behalf of science — including publishing the world’s Office of Philanthropy and Strategic Partnerships at 


most promising, innovative research in the Science family 1-800-215-1969 or philanthropy@aaas.org. 


of journals and engaging in the issues that matter locally, 
nationally and around the world. Additional details online at www.aaas.org/1848Society. 


QUALITY CONTENT FOR THE GLOBAL 
SCIENTIFIC COMMUNITY 


Multiple ways to stay informed on Issues related 
to your research 


Posters 


Podcasts 


Sponsored Collection Booklets 


Oh 
Advertorials a 
ol 

Pe) ene 
Webinars bi 
et 


Scan the code and start exploring 


e . 
Science : the latest advances in science and 
technology innovation! 


WN AAAS =. Science.org/custom-publishing 


Brought to you by the Science/AAAS 
Custom Publishing Office. 


PHOTO: NICOLE XIKE NIE 


Edited by 
Michael Funk 


=e 


ar 


COSMOCHEMISTRY 


Nucleosynthetic anomalies in meteorites 


he origins of the material that accreted to form Earth can be constrained using meteorites 
that contain leftover material from planet formation. Nucleosynthetic anomalies are small 
differences in isotope ratios left by incomplete mixing of presolar material. They are already 
known for refractory elements, which condense into dust grains first, but it has been 
unclear whether more volatile elements were fully mixed before planet formation. In two 
complementary papers, Martins et al. and Nie et al. identified nucleosynthetic anomalies in the 
moderately volatile elements zinc and potassium, respectively. They used cosmochemical models 
to determine that about 90% of Earth’s mass was contributed by noncarbonaceous inner Solar 
System material, whereas about 10% came from carbonaceous outer Solar System material. 
The latter source contributed about 20% of Earth’s potassium and half of its zinc. —KTS 
Science, abn1021, abn1783, this issue pp. 369, 372 


Isotopic analyses of meteorites, such as the one pictured here as a thin section, inform cosmochemical 


models of Earth’s formation. 


Limiting lymphopenia 
after glioblastoma 
Lymphopenia, a lack of white 
blood cells, frequently occurs 
in patients with glioblastoma 
(GBM) after chemoradiation 
therapy, and its association 
with worse survival is not well 
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understood. Analyzing peripheral 
blood from 20 patients treated 
for GBM, Ghosh et al. identi- 

fied an elevated concentration 

of myeloid-derived suppres- 

sor cells (MDSCs) in patients 
with lymphopenia after treat- 
ment. The authors developed 
murine models to demonstrate 
a causal relationship between 


radiation-induced MDSCs and 
lymphopenia. Pharmacologic 
inhibition of MDSCs abrogated 
ymphopenia and improved 
survival in mice, suggesting that 
these classes of drugs may be 

a potential treatment to reduce 
lymphopenia in patients with 
GBM. —DLH 

Sci. Transl. Med. 15, eabn6758 (2023). 


Limonoids in the 
limelight 


Triterpenes are built froma 
common 30-carbon precur- 
sor, but through the action of 
tailoring enzymes can adopt 
a range of shapes and biologi- 
cal functions. De La Pefia et al. 
investigated the biosynthesis 
of limonoids, which are found, 
for example, in citrus and neem 
plants, and characterized 
candidate genes involved in the 
production of two groups of 
these molecules. The authors 
identified 22 enzymes in total 
and reconstituted part of the 
pathways in a heterologous 
plant system. These results may 
facilitate the production of natu- 
ral and unnatural limonoids with 
useful properties, such as plant- 
derived insecticides. -MAF 
Science, adf1017, this issue p. 361 


Neutrophils cast NETs 
without dying 
Neutrophil extracellular 
traps (NETs) bind to and kill 
microbes. Stojkov et al. found 
that, contrary to findings from 
previous studies, agonists 
that induced NET formation 
independently of multiprotein 
complexes called inflam- 
masomes did not require the 
pore-forming protein gasdermin 
D (GSDMD) and did not cause 
cell lysis leading to cell death. 
Furthermore, canonical inflam- 
masome activation caused 
GSDMD processing but was 
not required for NET release. 
These data suggest that the 
mechanisms leading to NET 
formation require further study 
and should be distinguished 
from those that lead to cell 
death. —JFF 

Sci. Signal. 16, eabm0517 (2023). 


Coupling at a distance 
The merger of nanophoton- 
ics with quantum optics has 
provided a platform for the 
development of deterministic 
single-photon sources and 
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sources of entangled photons. 
Tiranov et al. show that multiple 
quantum emitters (two or three 
quantum dots) can be coupled 
through a photonic crystal 
waveguide. The waveguide 
helps to overcome the typically 
short-range nature of the dipole- 
dipole interactions and allows 
the signature properties of such 
a coupled system, subradiant 
and superradiant emission, 
to be observed. Control of 
such processes could provide 
an enabling step for scaling 
up deterministic solid-state 
photon-emitter interfaces and 
multiphoton-entangled sources 
for applications in quantum 
information processing. —ISO 
Science, ade9324, this issue p. 389 


Ecosystem-scale effects 
of rapid evolution 


Plant traits influence many 
ecosystem processes, but the 
role of trait evolution is often 
overlooked in predicting ecosys- 
tem responses to environmental 
change. Vahsen et al. showed that 
rapid evolution in root traits of a 
dominant marsh sedge affected 
predictions of coastal wetland 
carbon dynamics. Growing seeds 
from different generations in 
a single location, they found 
considerable heritable variation 
in the allocation of belowground 
biomass. Input into an ecosystem 
model, this variation scaled up to 
substantial predicted differences 
in sediment accretion and marsh 


Large natural variation in the sedge 
Schoenoplectus americanus may aid in 
adaptation to environmental change. 
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elevation, factors that influence a 
marsh’s resilience to rises in sea 
level. —BEL 

Science, abq0595, this issue p.393 


Running hot and cold 
Like other solar cells, commer- 
cial perovskite solar cells (PSCs) 
would not only need to maintain 
operation at the high tempera- 
tures generated in direct sunlight 
but also endure the lattice strain 
created by temperature changes 
throughout the year. Li et al. fab- 
ricated high-quality perovskite 
crystalline films by adding a 
fluorinated polymer, the dipoles 
of which lowered formation 
energy of the perovskite black 
phase, decreased defect density, 
and also tuned the surface work 
function for charge extraction. 
Power conversion efficiencies of 
23% were achieved for 1-square- 
centimeter devices that retained 
over 90% of their efficiency 
after testing conditions for 3000 
hours and after repeated cycling 
between —60° and 80°C. —PDS 
Science, add7331, this issue p. 399 


Assembling aperiodic 
crystals 


A metal-organic framework 
(MOF) has been made that 
contains an ordered lattice of 
connecting nodes but a network 
of aperiodically arranged link- 
ers. Meekel et a/. extended to 
MOFs the idea of Truchet tiles, 
in which a plane is covered 
with square tiles decorated 
with nonrotationally symmet- 
ric patterns to form aperiodic 
patterns. X-ray crystallography 
revealed that the zinc nodes 
formed an order lattice (see 
the Perspective by Yaghi and 
Rong). A comparison of x-ray 
diffuse scattering data with 
a three-dimensional differ- 
ence pair-distribution function 
showed good agreement with 
a Truchet tile model. The ape- 
riodicity created a disordered 
pore network within the crystal. 
—PDS 

Science, ade5239, this issue p. 357; 

see also adf0261, p.330 
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EVOLUTION 


Of moth or bee 


he white moon petunia, Petunia axillaris, has white 
flowers that absorb ultraviolet light and emit volatiles 
to attract the nocturnal hawkmoths that pollinate 
them. Conversely, the related species Petunia secreta 
displays magenta-colored, ultraviolet light—reflect- 
ing flowers that are visited by bees during the daytime. 
Luthi et a/. show that deleting a single gene that regulates 
the biosynthesis of UV-absorbing flavonol pigments in 
P. axillaris turns the flowers pink and UV-reflective and 
makes the flowers attractive to both social and solidary 
bees. Therefore, single genes can cause major phenotypic 
effects that contribute to adaptation and speciation of the 
organisms. —DJ Curr. Biol. 32, 5295 (2022). 


Asingle gene determines whether petunia flowers are 
white and pollinated by night-flying hawkmoths, as shown 
here, or are pink and visited by day-flying bees. 


The ecology of 
publishing trends 


Ecology, like most STEM 
disciplines, is overrepresented 

by male-identifying scientists 
from North America and Europe. 
As diversity efforts continue, 
Zettlemoyer et al. analyzed 
top-cited Ecology papers from 
1960 to 2019 to look for evidence 
of increases in women authors 
from institutions outside of North 
America and Europe. Although 
the results showed more papers 
led by women authors over time, 
this corresponded with a decline 
in women as last authors, sug- 
gesting that women are not being 
retained in leadership positions. 
Despite ecology being a global 
science, authors from under- 
represented countries were not 
found among top-cited publica- 
tions. Interestingly, collaborative 
studies were found to increase 
over time, which can provide 


momentum for the inclusion of 
underrepresented collaborators 
as a way to form truly global, 
diverse collaborations. —-MMc 
Bull. Ecol. Soc. Am. 10.1002/ 
bes2.2025 (2023). 


Coordinate framework 
memories 


Materials that can be pro- 
grammed with electrical pulses 
to change their conductance 
state can be used for memory 
applications. Robinson et al. show 
that the lithium-doped ruthenium 
analog of Prussian blue, ruthe- 
nium hexacyanoruthenate, can 
undergo four orders of magnitude 
changes in conductivity with volt- 
age pulses. Compared with other 
Prussian blue compounds, the 
ruthenium analog had a greater 
degree of charge delocalization 
and conductivity between the 
Ru(ll) and Ru(lll) sites along 
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pathways that connect across 
the pores and less-conductive 
paths along the shorter nearest- 
neighbor directions. This material 
was inkjet printed onto flexible 
substrate to create electro- 
chemical random access memory 
devices that were compatible with 
neurons and could switch con- 
ductance states through redox 
reactions with the neurotransmit- 
ter dopamine. —PDS 
Adv. Mater. 10.1002/ 
adma.202207595 (2022). 


GENE THERAPY 
Gene therapy can 
be skin deep 


Dystrophic epidermolysis bullosa 
is a debilitating skin condition 
associated with poor wound 
healing caused by a deficiency in 
the collagen gene COL7A1. The 
result is blistering, scarring, and a 
variety of serious complications. 
Potential interventions for this 
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disease are being investigated, 
but none has been approved 
to date. Guide et al. conducted 
a double-blind, intrapatient- 
randomized, placebo-controlled 
trial of a topical gene therapy 
in 31 patients with dystrophic 
epidermolysis bullosa. The 
COL7AI gene was delivered ina 
replication-defective herpesvirus 
vector, which is large enough to 
accommodate the target gene 
and specifically delivers it to the 
skin. For each patient, the medical 
team selected two similar wounds 
for direct comparison and dem- 
onstrated much greater chances 
of healing after gene therapy than 
after placebo treatment. —YN 

N. Engl. J. Med. 387, 2211 (2022). 


CELL BIOLOGY 
Caveolin-1 dolines for 
mechanoadaptation 


Cells are constantly exposed to 
different types and intensities of 
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mechanical forces. To accom- 
modate these changes, they 
modulate their physical prop- 
erties and adapt their plasma 
membrane (PM). Caveolae are 
small membrane invaginations 
that contribute to mechanoadap- 
tation by flattening out, thereby 
buffering PM tension changes. 
Lolo et al. used experimental 

and computational approaches 
to study the role of caveolin-1 
(Cav1), a component of caveo- 
lae, in mechanoprotection. 

Cav1 confers deformability and 
mechanoprotection indepen- 
dently from caveolae through 
modulation of PM curvature. 
Cavl-dependent PM remodeling 
stabilized noncaveolar invagina- 
tions called dolines that respond 
to low and medium mechanical 
forces. Dolines conferred mecha- 
noprotection to cells devoid of 
caveolae. Restricting the size of 
Cavl dolines hindered membrane 
buffering except at relatively high 
forces able to flatten caveolae. 
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Thus, caveolae and dolines 
help cells adapt to a variety of 
mechanical stimuli. -SMH 
Nat. Cell Biol. 10.1038/ 
s41556-022-01034-3 (2022). 


MATERIALS SCIENCE 
Acontinuous color 
gradient 


Structural coloration occurs 
when the structural features of an 
object are the same size as the 
wavelengths of visible light. When 
the structures are crystalline, the 
observed color will change with 
viewing angle and orientation. 
Schottle et al. made a photonic 
colloidal glass using a controlled 
emulsion extraction process that 
synthesizes latex particles with a 
gradient in size depending on the 
reaction time. The particles were 
removed using a thin tube to 
retain laminar flow and assem- 
bled into films using a filtration 
technique. Because each particle 
size will scatter light of a different 
wavelength, the gradient films 
show vivid structural colors along 
their thickness and superior light 
scattering across the gradient. 
—MSL 
Adv. Mat. 10.1002/ 
adma.202208745 (2022). 


STROKE 
Rejuvenating immune 
cells 


Aging is associated with worse 
outcome after stroke. It is also 
known that aging microglia, the 
primary innate immune cells in 
the brain, impair recovery from 
stroke in mice. Arabaizar-Rovirosa 
et al. investigated this connection 
and found that intracellular lipids 
accumulated in the microglia 
of aged mice and displayed 
dysfunctional immune responses 
after stroke. If microglia were 
depleted and this was followed 
by repopulation with new cells, 
then the inflammation and 
neurological damage associated 
with stroke were ameliorated in 
older animals. It appears that 
aged microglia might contribute 
to worse stroke outcomes in the 
elderly. -MM 

EMBO Mol. Med. e17175 (2022). 
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IMMUNOLOGY 
Rethinking innate 
immunity activation 


Multicellular organisms initiate 
innate immune responses to 
microbial infections through the 
activation of pattern recogni- 
tion receptors (PRRs). These 
receptors recognize ligands 
generated by microbes, and 
they are largely considered to 
respond to a successful and 
productive infection. However, 
PRR ligands are often micro- 
bial proteins and nucleic acids 
that would not normally be 
exposed during infection. Ina 
Perspective, Kagan proposes 
that PRRs in plants and animals 
actually recognize infection 
infidelities, and mistakes during 
infection elicit an innate immune 
response. Rethinking how PRRs 
are activated could open a new 
avenue for anti-infective drug 
development. —GKA 

Science, ade9733, this issue p.333 


TROPICAL FOREST 
Losing the Amazon 


The Amazon rainforest is a bio- 
diversity hotspot under threat 
from ongoing land conver- 
sion and climate change. Two 
Analytical Reviews in this issue 
synthesize data on forest loss 
and degradation in the Amazon 
basin, providing a clearer 
picture of its current status and 
future prospects. Albert et al. 
reviewed the drivers of change 
in the Amazon and show that 
anthropogenic changes are 
occurring much faster than nat- 
urally occurring environmental 
changes of the past. Although 
deforestation has been widely 
documented in the Amazon, 
degradation is also having 
major impacts on biodiversity 
and carbon storage. Lapola et 
al. synthesized the drivers and 
outcomes of Amazon forest 
degradation from timber extrac- 
tion and habitat fragmentation, 
fires, and drought. —BEL 
Science, abo5003, abp8622, 
this issue p. 348, p. 349 
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VACCINES 
Location, location, 
location 


To generate protective immune 
responses, vaccine antigens 
are designed to mimic native 
protein structures on foreign 
pathogens. After vaccination, 
antigens are transported from 
the injection site by lymphatic 
vessels to the draining lymph 
nodes, tissues where immune 
responses are initiated. Aung et 
al. found that in order to mount 
a successful antibody response, 
incoming antigens need to be 
localized to specific sites within 
the lymph nodes called follicles 
(see the Perspective by Kalia 
and Hickman). Those antigens 
that were not rapidly directed 
to follicles were destroyed by 
proteases. Vaccines that resulted 
in speedy delivery of antigens to 
follicles preserved intact antigen 
and generated better antibody 
responses. These findings may 
have implications for the design 
of vaccines against difficult to 
neutralize or genetically variable 
pathogens. —PNK and SMH 
Science, abn8934, this issue p. 350; 
see also adf5134, p. 332 


RESPIRATORY COMPLEXES 
Complex | inhibition 

by biguanides 

Metformin is a biguanide drug 
widely used for the treatment of 
type 2 diabetes, but its effects 
on metabolism are complex, and 
its simple structure and rela- 
tively weak binding have led to a 
variety of proposed mechanisms 
of action. Bridges et al. deter- 
mined the structures of bovine 
complex | bound to a biguanide 
inhibitor that is related to met- 
formin but binds more tightly. 
The structure revealed potential 
binding sites at three different 
locations, all of which could 
contribute distinct effects. The 
strongest site appeared to be the 
coenzyme Q-binding channel, 
and the authors propose that 
the primary mode of inhibition 
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may be halting reactivation of 
the resting deactive state of the 
enzyme. —MAF 

Science, ade3332, this issue p.351 


NEUROSCIENCE 
Encoding illumination 
in primates 
Light is an important envi- 
ronmental factor for most 
organisms because it regulates 
many physiological functions 
and behaviors. Central to this 
regulation is a photoreceptive 
molecule called melanopsin and 
its actions within the intrinsically 
photosensitive retinal ganglion 
cells (ipRGCs), neurons that 
send signals from the retina to 
the brain. Little is known about 
the ipRGCs of primates. Liu et al. 
developed a method of identify- 
ing primate ipRGCs and used it 
to investigate how they sense the 
visual world (see the Perspective 
by Martin). They found that 
ipRGCs encode the overa 
intensity of environmental illumi- 
nation using specializations that 
are distributed across scales of 
biological organization. These 
cells thus show insensitivity to 
image detail and a wide dynamic 
range. —PRS 

Science, ade2024, this issue p.376; 

see also adf9350, p.335 


GEOCHEMISTRY 
A global rate for 
weathering 


Chemical weathering is an 
important way that carbon 
dioxide is regulated over geo- 
logical time scales. However, 
many factors go into the rate 
of weathering, making scal- 
ing from laboratory to global 
estimates challenging. Brantley 
et al. assessed weathering 
rates across several different 
length scales to understand 
the rate-limiting factors for 
major rock types on Earth (see 
the Perspective by Hilton). The 
authors used this information 
to upscale globally to get an 


estimate of the temperature 
dependence of chemical weath- 
ering. The resulting model will 
be helpful in understanding the 
weathering response to climate 
change in attempts to increase 
weathering in the future. —BG 
Science, add2922, this issue p. 382; 
see also adf3379, p.329 


IMMUNODEFICIENCY 


Rewired IRF4 activity 


The transcription factor 
interferon regulatory factor 4 
(IRFA) is critical for the develop- 
ment of the immune system, 
especially B and T cells. The 
IRF4 International Consortium 
identified seven patients from 
six families with a combined 
immunodeficiency who harbored 
arecurrent heterozygous 
mutation in IRF4 called p.T9O5R. 
Despite having normal levels of 
IRF4, patients with IRF475* and 
knock-in mice bearing the same 
point mutation had multiple B 
cell defects, including impaired 
differentiation and immunoglob- 
ulin secretion. B cells expressing 
IRF4™5R failed to express the 
genes required for plasma cell 
differentiation because of altered 
DNA-binding specificity involving 
a loss of binding to canonical 
interferon-stimulated response 
elements and acquired binding 
at noncanonical sites. This study 
defines a previously undescribed 
cause of immunodeficiency 
driven by an IRF4 mutation 
leading to distinct changes in its 
activity. —CO 

Sci. Immunol. 8, eade7953 (2023). 
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TROPICAL FOREST 


Human impacts outpace natural processes 


in the Amazon 


James S. Albert*, Ana C. Carnaval, Suzette G. A. Flantua, Lucia G. Lohmann, Camila C. Ribas, 
Douglas Riff, Juan D. Carrillo, Ying Fan, Jorge J. P. Figueiredo, Juan M. Guayasamin, Carina Hoorn, 
Gustavo H. de Melo, Nathalia Nascimento, Carlos A. Quesada, Carmen Ulloa Ulloa, Pedro Val, 


Julia Arieira, Andrea C. Encalada, Carlos A. Nobre 


BACKGROUND: The Amazon is a critical com- 
ponent of the Earth climate system whose fate 
is embedded within that of the larger plane- 
tary emergency. The Amazon is the most species- 
rich subcontinental-scale ecosystem and is 
home to more than 10% of all named plant 
and vertebrate species, concentrated into just 
0.5% of Earth’s surface area. The Amazon rain- 
forest is also a critical component of the Earth 
climate system, contributing about 16% of all 
terrestrial photosynthetic productivity and 
strongly regulating global carbon and water 
cycles. 

Amazonian ecosystems are being rapidly 
degraded by human industrial activities. A 


cumulative total of 17% of the original forest 
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have already been cleared, and 14% replaced, 
by agricultural land use. After millions of years 
serving as an immense global carbon pool, 
under further warming the Amazon rainforest 
is predicted to become a net carbon source to 
the atmosphere. Some regions have already 
made the transition, with forest respiration 
and burning outpacing forest photosynthesis. 


ADVANCES: In this Review, we compare rates 
of anthropogenic and natural environmental 
changes in the Amazon and South America 
and in the larger Earth system. We focus on 
deforestation and carbon cycles because of 
their critical roles on the Amazon and Earth 
systems. Data for South America were com- 


Amazon deforestation is accelerating from a combination of anthropogenic drivers, including 
drier climatic conditions and policies that favor industrialized agriculture. (Top left) Map 

of Amazon showing location of wildfires, 1985 to 2021. (Right) Recently burned primary forest near 
Rurdpolis, State of Para, Brazil, 17 September 2020. (Bottom left) Rate of deforestation in the Brazilian 
Amazon is now rising rapidly under environmental policies of the Bolsonaro administration. After millions 
of years serving as an immense global carbon pool, the Amazon rainforest is becoming a net carbon 


source to the atmosphere. 
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piled for the Science Panel for the Amazon 
(SPA) Assessment Report, which details the 
many dimensions of the Amazon as a regional 
entity of the Earth system. The SPA report, 
coauthored by 240 scientists from 20 coun- 
tries, documents epoch-scale transformations 
in Amazonian biodiversity, ecosystem function, 
and cultural diversity. 

We found that rates of anthropogenic pro- 
cesses that affect Amazonian ecosystems are 
up to hundreds to thousands of times faster 
than other natural climatic and geological 
phenomena. These anthropogenic changes 
reach the scale of millions of square kilometers 
within just decades to centuries, as compared 
with millions to tens of millions of years for 
evolutionary, climatic, and geological processes. 
The main drivers of Amazonian habitat de- 
struction and degradation are land-use changes 
(such as land clearing, wildfires, and soil ero- 
sion), water-use changes (such as damming 
and fragmenting rivers and increased sed- 
imentation from deforestation), and aridifi- 
cation from global climate change. Additional 
important threats come from overhunting and 
overfishing, introduction of invasive exotic spe- 
cies, and pollution from the mining of minerals 
and hydrocarbons. 


OUTLOOK: Given the outsized role of the Amazon 
in our planetary hydrological cycle, large-scale 
deforestation of this region is expected to push 
the whole Earth system across a critical thresh- 
old to a qualitatively different global climate 
regime. Quite aside from biodiversity losses, 
such a transformation will have multifarious 
and catastrophic consequences for human 
welfare, including widespread water and food 
insecurity that will lead to mass migrations 
and political instability. The key message is 
that Amazonian environments are being de- 
graded by human industrial activities at a 
pace far above anything previously known, 
imperiling its vast biodiversity reserves and 
globally important ecosystem services. 

The Amazon is now perched to transition 
rapidly from a largely forested to a nonfor- 
ested landscape, and the changes are happen- 
ing much too rapidly for Amazonian species, 
peoples, and ecosystems to respond adapt- 
ively. Policies to prevent the worst outcomes 
are known and must be enacted immediately. 
We now need political will and leadership 
to act on this information. To fail the Ama- 
zon is to fail the biosphere, and we fail to act 
at our peril. 


The list of author affiliations is available in the full article online. 
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Amazonian environments are being degraded by modern industrial and agricultural activities at a pace 
far above anything previously known, imperiling its vast biodiversity reserves and globally important 
ecosystem services. The most substantial threats come from regional deforestation, because of export 
market demands, and global climate change. The Amazon is currently perched to transition rapidly from 
a largely forested to a nonforested landscape. These changes are happening much too rapidly for 
Amazonian species, peoples, and ecosystems to respond adaptively. Policies to prevent the worst 
outcomes are known and must be enacted immediately. We now need political will and leadership to act 
on this information. To fail the Amazon is to fail the biosphere, and we fail to act at our peril. 


he Amazon is a critical component of the 
Earth climate system, whose fate is em- 
bedded within that of the larger plane- 
tary emergency. Along with the two polar 
ice sheets and coral reefs, the Amazon [as 
defined in (2)] is one of four major ecosystems 
of the Earth system that are rapidly approach- 
ing or surpassing the threshold to a qualitatively 
degraded state (2, 3). The Amazon is by far the 
most species-rich subcontinental-scale ecosys- 
tem, being home to more than 10% of all named 
plant and vertebrate species concentrated into 
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just 0.5% of Earth’s surface area (4). Yet Ama- 
zonian biodiversity is grossly underestimated, 
with perhaps only about 10% of the species 
yet described (5). Amazonian biodiversity is the 
evolutionary source for much of the world’s 
plants and animals (6, 7), serving as the core of 
a biogeographic realm that hosts about one- 
third of all known species on Earth (8). 

The Amazon is also a crucial provider of 
global ecosystem services, contributing about 
16% of all terrestrial photosynthetic produc- 
tivity (9) and strongly regulating global carbon 
and water cycles (0, 17). Yet global warming is 
rapidly increasing climate variability in the 
Amazon. Extreme droughts and record floods 
have occurred in nine of the past 15 years, com- 
pared with just four extreme droughts and three 
record floods in the previous century (7). These 
extreme weather events are substantially low- 
ering the threshold for wildfires at the rain- 
forest margins; altering biogeochemical cycles; 
and leading to widespread deforestation, hab- 
itat degradation, and wetland loss (9, 12). 

Given the outsized role of the Amazon in 
our planetary hydrological cycle, large-scale 
deforestation threatens to push the whole Earth 
system across a critical threshold to a qualita- 
tively different global climate regime (73). Quite 
aside from biodiversity losses, such a transfor- 
mation will have multifarious and catastrophic 
consequences for human welfare, including 
widespread water and food insecurity (14-16), 
leading to mass migrations and political in- 
stability (16). 

In this Review, we compare rates of anthro- 
pogenic and natural environmental changes 
in the Amazon and other regions of South 
America and also compare these rates with 
other processes in the larger Earth system. 
Data for South America were compiled from 
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the Science Panel for the Amazon (SPA) Assess- 
ment Report (1), which details the many dimen- 
sions of the Amazon as a regional entity of the 
Earth system. The SPA report—coauthored by 
240 scientists from 20 countries, including 
members of Indigenous Peoples and Local 
Communities (IPLCs)—documents epoch-scale 
transformations in Amazonian biodiversity, 
ecosystem function, and cultural diversity. The 
report also summarizes the major social and 
ecological transformations of the Amazon 
through human history and presents sustain- 
able development pathways for the Amazon 
into the near future. The key messages of this 
Review are that multiple strong changes to the 
Amazon being driven by modern human ac- 
tivities are happening far too fast for the sur- 
vival of its species and ecosystems (77) and that 
widespread Amazon deforestation would be 
an irreversible catastrophe for the global cli- 
mate system (9, 18). 


Amazon in motion 


The Amazon is perched to transition rapidly 
from a largely natural to degraded and trans- 
formed landscape, under the combined pres- 
sures of regional deforestation and global 
climate change (19, 20). As of 2019, a cumu- 
lative total of about 17% of the pre-Columbian 
Amazon forest had been cleared, and 14% re- 
placed, by human agriculture landscapes— 
89% for pasture and 11% for crops (21). After 
millions of years serving as an immense glob- 
al carbon pool, under further warming the 
Amazon rainforest is predicted to become a 
net carbon source to the atmosphere [for ex- 
ample, (22, 23)]. Some parts of the Amazon 
have already made the transition, with for- 
est respiration and burning outpacing for- 
est photosynthesis (24). 

As we enter the third decade of the 21st 
century, portions of the southern and east- 
ern Amazon are changing to a disturbance- 
dominated regime (25, 26). Under global drivers 
of climate change, much of the Amazon is ex- 
periencing pronounced increases in the fre- 
quency and severity of floods, droughts, and 
wildfires (12, 27). The basin-wide impacts of 
landscape desiccation have far surpassed the 
variability of natural hydrological and biogeo- 
chemical cycles since the start of the current 
climate epoch, the Holocene, ~11,700 years ago 
(28). Further, several other ecologically and 
biodiversity-rich regions of the Neotropics out- 
side of the Amazon (such as the Atlantic Rain- 
forest or Mata Atlantica, Caatinga, Cerrado, 
Chocé, and Puna) are also facing accelerating 
threats from modern human activities (J, 7). 

Before the Anthropocene (starting around 
1950), the Amazon had maintained natural 
humid and tropical environments, including 
forests and wetlands, over most of lowland north- 
ern South America for tens of millions of 
years (4). Amazonian ecosystems have persisted 
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through many profound climatic and evolu- 
tionary transformations, including the formation 
and draining of inland seas and mega-wetlands 
during most of the Miocene (~23 million to 
10 million years ago), and transitioned into a 
fluvial landscape in the late Miocene to Plio- 
cene (~10 million to 2.3 million years ago) (29), 
alternated ice-age and interglacial climates 
during the Pleistocene (~2.6 million to 0.01 mil- 
lion years ago) (29, 30), and shifted land-use 
practices of Indigenous peoples during the 
Holocene (37). 

Thus, quite unlike the expansive temperate 
and boreal forests of the northern hemisphere, 
which were repeatedly cleared and pushed 
southward by low temperatures and con- 
tinental glaciers during the Pleistocene and 
then regenerated in the Holocene, Amazonian 
rainforests have never previously confronted 
regional-scale deforestation (32, 33). This eco- 
system persistence over evolutionary time scales 
resulted in the Amazon becoming both a center 
and source of biodiversity for the whole Neo- 
tropical region (6, 34). 

In the Amazon, more than in most other 
regions, forest-rainfall feedback is required to 
maintain the current forest cover (35). About 
half of the precipitation over the Amazon is 
recycled from evapotranspiration, with about 
14.1 trillion cubic meters of water per year 
falling as precipitation over the whole basin, 
compared with the Amazon River discharge 
of about 7.3 trillion cubic meters per year. 
Amazonian forest cover buffers the ecosys- 
tem against variations in precipitation and 
fire (36, 37). This dependence of the state of the 
system on its history (hysteresis) is a common 
feature of many ecological systems at large 
spatial and temporal scales, in which the ob- 
served state of a system cannot be predicted 
on the basis of current conditions alone. 

Amazon forest extent and structure is there- 
fore highly sensitive to widespread forest deg- 
radation and removal (38, 39). Clearcutting 
parts of the Amazon forest exposes the land- 
scape to an irreversible regime shift, from a for- 
ested to a nonforested landscape, with a wide 
range of deleterious consequences (12, 40). 
Beyond a certain threshold, deforestation and 
regional aridification will become locked in a 
vicious cycle that drives a runaway transforma- 
tion of lush rainforests to degraded savanna- 
like agricultural landscapes (25, 41). 


Drivers of Amazon destruction and degradation 


The main regional-scale drivers of Amazonian 
habitat destruction and degradation arise 
from land-use changes (such as deforestation, 
wildfires, or soil erosion), water-use changes 
(such as damming and fragmenting rivers, in- 
creased sedimentation from deforestation, 
pollution from the mining of minerals and 
hydrocarbons, or ground-water extraction), 
and aridification from global climate change 
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(5, 18). The main effects of climate change to- 
day are precipitation changes, and sea level 
rise will likely have major effects in the near 
future. Overhunting and overfishing (42), the 
introduction of invasive exotic species (43), 
and pollution (44) are additional important 
threats to biodiversity and ecosystem function 
at local to regional scales in the Amazon and 
other ecosystems. Here, we focus on deforesta- 
tion and carbon cycles because of their critical 
roles on the Amazon and Earth systems. 

The most rapid environmental changes in 
the Amazon today are driven by land con- 
verted from forests and degraded pastures 
into soy and livestock production, primarily 
for export (45, 46). By 2019, about 867,000 km? 
or about 14% of the Amazon forest had been 
cleared, especially in the Brazilian states of 
Para, Mato Grosso, Rondénia and Amazonas, 
in order of greatest contribution to deforesta- 
tion (27). Between 1995 and 2017, 17% of the 
Amazon rainforest was degraded by logging, 
fire, windthrow, or road expansion (47). Under 
the auspice of globalization, Amazonia is being 
integrated into global commodities markets, 
mostly soybean, beef, and timber (48). 

The immediate crisis is driven by the log- 
ging and burning of closed-canopy tropical 
rainforests to clear land for agriculture and 
pasture. Agricultural expansion is the leading 
cause of regional deforestation worldwide and 
in South America (49, 50). The legal construc- 
tion of roads, dams, and other infrastructure, 
combined with many illegal activities (such 
as forest clearcutting, logging and burning, 
mining, illicit crops, and clandestine roads) 
have driven the agricultural frontier deep into 
the Amazon margins over the past 20 years 
(51, 52). During this same period, soybean 
exports from Brazil to China surged by 2000%, 
primarily as animal feed to supply rapidly in- 
creasing meat consumption in China, and South 
America is currently the largest source of bio- 
mass imports to the European Union (53). 

The great soybean plough-up of South Am- 
erica during the early 21st century is the farth- 
est outlier of anthropogenic changes from the 
regression lines for South America in Fig. 1. 
This landscape transformation is roughly com- 
parable in total area and proportion of land- 
scape surface with other regional-scale “great 
plough-ups” of history, such as the spread of 
grain culture across monsoon Asia from about 
3000 to 1000 years ago; the Northern Euro- 
pean plains from about 1500 to 1000 years 
ago; the Russian Steppes in the 18th and 19th 
centuries; the Great Plains of North America 
in the late 19th and early 20th century; and 
the ongoing expansion of palm oil planta- 
tions in Indonesia, Malaysia, and many other 
countries. 

Effective forest-protection policies act by re- 
moving the international financing of market- 
driven land-conversion projects. Two of the 
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largest funding sources are the Inter-American 
Development Bank (IDB), based in Washington, 
DC (54), and the Belt and Road Initiative (BRI) 
of the Chinese government. The Initiative for the 
Integration of the Regional Infrastructure of 
South America (IIRSA) is a massive infrastruc- 
ture program of road and dam construction 
launched in 2000. Most IIRSA environmental 
impacts derive from road construction in the 
Brazilian states of Amazonas and Acre and the 
Colombian states of Caqueté and Guaviare, 
providing increased access for accelerated 
expansion of beef production, oil extraction, 
and mining (55). 

BRI-financed hydroelectric and water-diversion 
projects are planned to dredge and canalize 
hundreds of river kilometers in Ecuador and 
Pertti (56). BRI-supported water diversion 
projects will expand soybean cultivation on 
more than 74,000 km? and hydrologically 
link Amazonian tributaries to neighboring 
drainages. Once completed, these projects will 
convert major southern tributaries (such as 
Tapajos and Xingu rivers) into a network of 
artificial reservoirs with poorly known but 
negative impacts to local biodiversity and 
IPLC livelihoods and the function of regional 
hydrological systems (57). 

The effectiveness of forest-protection policies 
has varied over the past 20 years (52, 58). The 
Action Plan for the Prevention and Control of 
Deforestation in the Legal Amazon (PPCDAm), 
launched in 2004, improved the deforestation 
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Fig. 1. Temporal and spatial scales of anthropo- 
genic and natural processes in the Earth system. 
Data for 55 cases, with references in Table 1. Circles 
and triangles indicate anthropogenic and natural 
processes, respectively; red and blue symbols indicate 
processes from South America and globally, respec- 
tively. All regressions are power functions represented 
as linear curves on a log-log plot. Anthropogenic 
South America (n = 10 activities), y = 106,443 x 
0.5853, coefficient of determination (R*) = 0.2455. 
Anthropogenic global (n = 12 activities), y = 96,870 x 
0.7071, R* = 0.8214. Natural South America (n = 

21 activities), y = 102,364 x 0.185, R? = 0.4565. 
Natural global (n = 13 activities), y = 97,678 x 0.1849, 
R* = 0.4669. Anthropogenic processes occur at rates 
several orders of magnitude faster than those of 
natural processes. 
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monitoring system, reinforced environmental 
inspections, and promoted land tenure for 
IPLCs in legally protected areas. These actions 
were strengthened over time by the Soy Mor- 
atorium (from 2006) and the Black List of 
municipalities with highest deforestation rates 
(from 2008). Together, these actions sub- 
stantially reduced access of industrial farming 
interests to international markets and finan- 
cial credit (53, 58). Whereas the Temer and 
Bolsonaro administrations (2016-2022) un- 
dermined the PPCDAm, weakened the new 
Brazilian Forest Code, dismantled environmental 
agencies, and suppressed the Sugarcane Agro- 
ecological Zoning Act of 2009 (59), markedly 
increasing deforestation rates, one of the first 
acts of the new Lula administration was to 
reestablish the PPCDAm. 

Global climate change represents the other 
imminent threat to the Amazon and other 
ecosystems, affecting forest dynamics, carbon 
and nutrient cycling, and freshwater and coastal 
ecosystems (60, 61). As predicted by climate 
models (62, 63) and well documented by cli- 
matic records (J), precipitation patterns are 
becoming more variable in time and space, 
with more frequent and severe floods (64) and 
more persistent and widespread droughts (39). 
Climate change is rapidly desiccating the south- 
ern and eastern portions of the Amazon rain- 
forest, contributing to higher frequency and 
severity of wildfires and contraction of the 
southern forest margin. Concomitant sea level 
rise is projected to inundate the biodiverse flood- 
plain and coastal mangroves and estuaries, con- 
verting them to nearshore marine habitats and 
threatening coastal livelihoods (65). 


How fast is the Amazon changing? 


We compiled age and area estimates for 55 dif- 
ferent anthropogenic and natural processes 
affecting terrestrial and aquatic ecosystems 
in South America and globally, including 11 
anthropogenic and 21 natural processes in 
the former and 13 and 11 processes in the latter 
(Table 1). Ensemble rates were assessed by the 
exponent value of power-function regressions 
applied to each of these four categories. 

We found that rates of anthropogenic pro- 
cesses affecting Amazonian ecosystems are 
up to hundreds to thousands of times faster 
than they are for natural climatic and geolog- 
ical phenomena (Fig. 1). These anthropogenic 
changes have reached the scale of millions 
of square kilometers within just decades to 
centuries, as compared with millions to tens 
of millions of years for evolutionary, climatic, 
and geological processes. Destruction of Ama- 
zonian environments is far outpacing species’, 
ecological interactions’, and ecosystems’ ca- 
pacity to respond adaptively (32, 66). The rate 
at which modern human activities is driving 
extinctions in the Neotropics is between 1000 
and 10,000 times higher than the natural or 
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“background” rate as estimated from the fossil 
record (17, 67). 

These anthropogenic changes to Amazo- 
nian environments are coupled to processes 
worldwide, racing ahead many times faster 
than those of natural counterbalancing pro- 
cesses in the Earth system (68). Among the 
most important ongoing imbalances are ac- 
celerating rates of climate change (69), sea 
level rise (70), terrestrial vegetation turnover 
(32), river delta avulsion (77), tropical defor- 
estation (72, 73), extinction (74), and soil erosion 
and waterway sedimentation (75-77). Whereas 
the residence time of carbon through the at- 
mosphere, hydrosphere, and lithosphere is 
on the order of millennia to millions of years, 
modern human extraction and burning of 
fossil fuels occurs at time frames of decades to 
centuries (78). Global climate changes during 
the most recent deglaciation (for example, the 
Pleistocene-Holocene transition) occurred on 
the time frame of centuries to millennia as 
compared with ongoing anthropogenic changes 
that are observed at a decadal scale (79). 

Given the key role of the Amazon in the Earth 
system, the causes and consequences of Amazo- 
nian and global system degradation are strong- 
ly linked (), and the pace of anthropogenic 
changes exceeds that of many natural pro- 
cesses at regional to global scales (Fig. 1). For 
example, average annual global deforestation 
over the past decade has exceeded afforesta- 
tion by about 100,000 km”, causing a net loss 
of forest of about 1.4% every year (80). Global 
soil erosion exceeded soil formation by 35.9 
billion tons (Gt) in 2012, representing a 2.5% 
increase over the erosion estimate from 2001 
(81). Rates of vegetation change equal or ex- 
ceed the deglacial rates globally, indicating 
that the scale of human effects on terrestrial 
ecosystems now exceeds the massive vegeta- 
tion transformations during the most recent 
major global climate change event (32). In 
the Amazon, changes in the precipitation pat- 
terns, because of deforestation or withdrawal, 
are having a strong impact on the frequency 
and magnitude of intermittency of rivers and 
streams specially in the southeastern part of 
the Amazon. Last, although accurate data on 
groundwater withdrawals are difficult to col- 
lect, estimates indicate that depletion far ex- 
ceeds recharging in most parts of the world, 
with net losses of up to 20% per year in some 
highly populated and aridifying regions of 
North America and Asia (82). 


Global consequences of Amazon degradation 


From a climate perspective, widespread Ama- 
zon degradation would be an irreversible global 
catastrophe. Amazonian forests and soils con- 
tain about 180 + 30 Gt of carbon (GtC); ap- 
proximately half of this carbon is stocked in the 
form of vegetation biomass, and the other half 
remains as soil carbon stocks (9). By comparison, 
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this Amazonian carbon volume is equivalent 
to about 26% of the 690 + 80 GtC released into 
the atmosphere by all human activities since the 
Industrial Revolution (1750 to 2020), achieved 
primarily by burning fossil fuels and land-use 
changes (8&3). Anthropogenic carbon emissions 
during this time period raised atmospheric 
carbon dioxide (CO) from 277 to 415 parts per 
million (ppm) and increased the average global 
temperature to 1.2°C above preindustrial lev- 
els. Releasing all the Amazonian carbon into 
the atmosphere would initially increase the 
airborne CO, concentration by an additional 
85 ppm, representing another concerning ~0.5°C 
increase (83). 

Under the 2015 Paris Climate Accords, to 
keep atmosphere warming below 2°C global 
civilization cannot emit more than 465 Gt 
more carbon, and the Amazon alone contains 
about 32 to 44% of that carbon total. Yet Ama- 
zonian fires from 2010 to 2018 released about 
0.5 to 1.5 GtC per year into the atmosphere, 
whereas forest growth during this time period 
removed only about 0.5 GtC per year (84). The 
approximately 4.5 to 9.0 GtC left in the at- 
mosphere is similar to total carbon emissions 
of Japan during this interval, which ranked 
fifth among nations for carbon pollution (85). 
To better compare the volume of Amazon car- 
bon impact on global climate, we note that 
Amazonian afforestation in the centuries after 
the Iberian conquest (around 1500 to 1700) cap- 
tured about 7.4.GtC (3.5 ppm CO, equivalent) 
from the atmosphere, perhaps contributing to 
the global cooling episode known as the Little 
Ice Age (86). 

The adverse consequences of global anthro- 
pogenic carbon emissions extend beyond the 
Amazon to the whole Earth system. Without 
sufficient abatement, melting polar ice sheets 
will contribute more than 13 m (~43 feet) to 
global sea level rise by 2500, with complete 
loss of the Earth’s ice sheets projected within 
the next 400 to 700 years (87). Ongoing melt- 
ing of the Western Antarctic is projected to 
fragment the Thwaites Eastern Ice Shelf within 
the next five years, raising sea levels by more 
than 0.6 m and destabilizing neighboring gla- 
ciers (88, 89). In an ice-free world, global sea 
levels would reach ~65 m (~213 feet) above the 
present level, as high as they were in the super- 
greenhouse world of the Eocene about 56 mil- 
lion years ago (90). Such melting would raise 
the global sea level 93 to 162 mm per year 
averaged over the next few centuries, starting 
slow (averaging 3.1 mm per year in the past 
30 years) and accelerating toward the final 
collapse of the ice sheets. By comparison, sea 
levels rose about 60 m during the early and 
mid-Holocene (11,700 to 7000 years ago), at an 
average rate of about 12.9 mm per year (97). 
Thus, the potential anthropogenic rate of sea 
level rise in the next few years and decades is 
more than seven times faster than the maximum 
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a SS as 
Table 1. Anthropogenic and natural processes affecting terrestrial and aquatic ecosystems. Data specific to the Amazon is indicated with an asterisk. 
LIP, large igneous provinces; E-O, Eocene-Oligocene. 


Category Process Age (million years) Area (km?) — References Notes 
Anthropogenic global Land equipped for irrigation: 1700-2020 S20. Se OU ISG 19310) ce eee ee 
Wetland loss: 1700-2009 7,220,000 


Land equipped for irrigation since 1900 2,863,500 (136, 137, 158) 


Habitat loss from agricultural expansion: 
2020-2050 20 3,350,000 (69) 


Global forest cover loss: 2000-2012 1,500,000 (163) Forests with >50% tree cover 


ANU pe zene Marine incursions to 80 M: by 2700 680 2,125,900 (164) Bieaes timated Hounmaps 
South America using ImageJ 


Rangeland desertified South America: 1960-2008 48 1,943,000 (165) prcaves tere omc 


of 30% loss 


Western Amazon 


Petroleum concessions*: 1970-2008 38 688,000 (166) Ed ‘ 
(n = 188 concessions) 


Amazon fires*: 2003-2015 13 800,000 167) 


Amazon deforestation peak*: 2004 il 27,772 (72) 


LIP: Ontong Java Plateau 120,000,000 1,500,000 (151) 


Megariver captures stream orders 6 to 8 10,000,000 253,195 171) 


1 km bolide impacts 1 km diameter crater 


D retnran a at ne rents eames ee ee 


Origins modern rainforest floras and faunas Western Gondwana is 
Western Gondwana South America, Africa, and Arabia 


E-O global cooling, contraction of rainforests 
to tropical latitudes 


34,000,000 7,000,000 (4) 


Separation Amazon and Atlantic biotas, seasonally 
dry diagonal 


GAARIandia 33,000,000 4,000,000 (4) 


Pebas megawetland system 22,000,000 1,000,000 (4) 


Desertification at continental periphery 10,000,000 1,708,000 


Great Amazonian Biotic Interchange (GAzBI)* 10,000,000 1,600,000 (152) 


Ice ages cycles: forest-savanna* 100,000 500,000 


10,000 290,000 (174) 


woody-savanna cover 


Ice ages cycles: shorelines 10,000 200,000 (164) 
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recorded rate after the most recent global 
deglaciation. 

The rapid pace of human activities is readily 
seen in Stommel diagrams that plot the char- 
acteristic temporal and spatial scales of dispar- 
ate human economic, geological, climatological, 
and biological processes (Fig. 2). In this context, 
it is useful to compare the modern anthropo- 
genic biodiversity and climate crises with the 
Paleocene-Eocene Thermal Maximum (PETM) 
event, a global but relatively brief hyperthermal 
episode that occurred about 55.5 million to 54.5 
million years ago. During the PETM, atmo- 
spheric CO, rose to the highest levels of the 
Cenozoic Era, and the global average temper- 
ature spiked about 5° to 8°C to a temperature 
about 9° to 14°C warmer than today, driving large 
changes to the geographic ranges and adaptive 
traits of many terrestrial and marine organ- 
isms (92). By contrast, current rates of change in 
CO, and global average temperature are hun- 
dreds of times faster than were during the PETM 
(93, 94). Such unprecedentedly high rates of envi- 
ronmental change constitute the most impor- 
tant challenges to adaptation and persistence 
of plant and animal species in Amazonian eco- 
systems and to global civilization (95). 


Transformative pathways for 
sustainable development 


The current state and future fate of the Ama- 
zon are inextricably bound to that of the entire 
Neotropical region, the global biosphere as a 
whole, and the future of civilization world- 
wide (45, 48, 96). Preserving Amazonian bio- 
diversity and ecosystem services will require 
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fundamental changes to legal, economic, and 
energy systems at both regional and global 
scales. Policy actions must be implemented to 
reverse climate change and reduce economic 
incentives in the international trade system 
that support export-driven economic develop- 
ment (97). These changes to international legal 
and economic systems must deliberately be built 
into the next phase of the Anthropocene, when 
civilization transitions from carbon-based to 
renewable energy technologies and a bioecon- 
omy of healthy standing forest and flowing 
rivers with sustainable governance (98, 99). 


A new legal framework 


Successful economic development in many parts 
of the world has historically rested on a robust 
legal framework that incentivizes prosocial—and 
disincentivizes antisocial—behaviors and ac- 
tivities (100-102). Recent advances in environ- 
mental ethics and international justice provide 
robust legal standing for natural entities such 
as landscape features (rivers and forests) and 
nonhuman species (103, 104). For example, in 
a landmark ruling, the Constitutional Court of 
Ecuador applied the constitutional provision 
on the “Rights of Nature” to safeguard cloud 
forests from mining concessions (4, 105). This 
legal precedent was grounded in decades of 
scholarship (J06, 107), and similar laws have 
been codified in other countries (98, 108). “Earth 
system law” provides a complementary ap- 
proach for addressing gaps in governance that 
arise from improper deregulation and dis- 
persed regulatory architecture across institutions 
and geographic regions (25, 109). These legal 
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tools can be designed to impose criminal pen- 
alties of heavy fines and imprisonment to 
criminalize activities that wantonly and sub- 
stantially damage or destroy Amazonian eco- 
systems or that harm the health and well-being 
of Amazonian species (170, 1/7). The importance 
of legal mechanisms in landscape preserva- 
tion is well demonstrated by the success of the 
PPCDAm in reducing deforestation in Brazil 
from 2004 to 2015 and by decisions made at 
the federal level not to prosecute illegal activities 
that dramatically accelerated deforestation 
from 2016 to 2022 (712). 


A new Amazonian bioeconomy 


The sustainable use of biodiversity resources 
is an important path for developing Amazo- 
nian economies to become integrated into 
the international economy under advanta- 
geous conditions (99). More than 40 million 
people inhabit the Amazon region, with more 
than 65% living in urban areas, all of whom 
are affected by climate change. IPLCs play a 
critical role in shaping, protecting, and restor- 
ing ecosystems, biodiversity, and cultural di- 
versity in the Amazon (/73, 114). A successful 
bioeconomy extends beyond extractive and 
export-based economic activities (such as lum- 
ber, mining, soy, and cattle) by prioritizing and 
monetizing biodiversity and ecosystem services 
and promoting broad development goals in edu- 
cation, health, sanitation, and employment. 
Improving the quality of life of the Amazonian 
population—in urban, peri-urban, and rural 
areas—is one of the principles of a bioeconomy 
based on standing forests and flowing rivers. 
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Characteristic temporal scale 


Fig. 2. Stommel diagrams estimating the temporal and spatial scales for 52 natural processes across four domains. (Left) Human economy (73, 76, 77, 138-142) 
and geology (143-152). (Right) Climate (81, 153, 154) and biology (155-157). Axes are plotted by using logarithmic scales, with log seconds on the horizontal axis 

and log kilometers on the vertical axis. Biosphere phase shifts (top right) include long-wave climate (greenhouse-icehouse) cycles and distinct events such as the 
Neoproterozoic formation of an oxidizing atmosphere, Cambrian explosion of animal body plans, Devonian colonization of the continents and formation of terrestrial biotas, 
and the Anthropocene climate and biodiversity crises. Human economic activities affect larger spatial scales more rapidly than do most other natural processes. 


Albert et al., Science 379, eabo5003 (2023) 


27 January 2023 


5 of 9 


RESEARCH | REVIEW 


Desired outcomes of a new Amazonian bio- 
economy optimize carbon sequestration, bio- 
diversity recovery, and human livelihoods 
(115, 116). Sustainable bioeconomic develop- 
ment projects are most effective when they 
integrate modern scientific and commercial 
resources of urban communities with the tra- 
ditional knowledge and skills accumulated by 
Indigenous and local farming communities 
over many generations (48). Lasting sustain- 
ability means prolonged coexistence of natural 
and human economic and social systems, and 
Amazonian development projects must there- 
fore meet the immediate and long-term needs 
of the Amazonian population. Paramount among 
these needs are high-quality communication and 
transportation services to improve the commer- 
cialization of products, as well as institutional 
investments and international collaborations 
that support education, science, and technology 
institutions located within the Amazon. The in- 
stallation of any new large-scale infrastructure 
projects (such as mega-dams or transportation 
arteries exceeding 500 km) must be avoided 
and replaced with low-impact alternatives (177). 
Mining initiatives that threaten Indigenous 
lands, the health of all Amazonian inhabitants, 
and biodiversity should also be avoided. 

Resilient planning and management of Ama- 
zonian bioresources must necessarily prioritize 
the social and political actions that preserve 
species, habitat diversity, and functional re- 
dundancy; manage connectivity and feedback 
that stabilize longer-term processes over dec- 
ades; promote reciprocal cultural and educa- 
tional exchanges; and enhance integrated and 
decentralized (versus hierarchical and central- 
ized) governance (117-119). Rates of deforestation 
in the Amazon since 2000 have closely re- 
sponded to policy changes enacted at the 
national level that affect these kinds of social 
and political actions (117, 119). 

By contrast, market mechanisms based on 
international commodity pricing have entirely 
failed to assess the real economic and social 
values of Amazonian landscape and ecosystem 
resources (99, 120). Further, prospects are dim 
for using market forces in landscape conser- 
vation efforts in the near future (57). Public 
policies to correct these market failures are 
available, modeled from strategies success- 
fully used in other regions of the world where 
standing forests and flowing rivers have been 
allowed to persist for multiple decades, even un- 
der the context of intensive economic develop- 
ment (121, 122). These policies successfully price 
the full market value of ecosystem services, pro- 
vide incentives for activities that support forest 
and river preservation, and impose penalties 
for predatory and negligent actions (723). 


The “Grand Energy Transition” 


Preserving Amazonian biodiversity and eco- 
system services requires modifying economic 
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incentives in the international trade system 
that drive export-driven development (97). Such 
a Grand Energy Transition is already well un- 
derway (124); the average cost per unit energy 
for renewable energies has fallen below that of 
fossil fuels in aggregate for the first time in 
human history (725). Yet the barriers to com- 
plete this transition remain high, including 
the high costs of infrastructure installation 
and resistance by powerful stakeholders of 
the carbon economy (726). One of the biggest 
challenges is the high volume of fossil car- 
bon still sequestered within the lithosphere; 
about 60% of oil and fossil methane gas and 
90% of coal must be left in the ground to limit 
global warming to 1.5°C (127). 

Yet time is running short. Emerging tech- 
nologies, social innovations, and broader shifts 
in cultural practices are being implemented to 
support a resilient biosphere and help maintain 
a healthy Amazon (95, 128). These shifts can be 
accelerated with economic and legal actions 
that support a post-carbon global economy 
that includes alternative energies, CO, capture 
and sequestration, and possibly geoengineer- 
ing. New socioeconomic innovations must pri- 
oritize circular economic supply and waste 
networks and nurture green values and land 
ethics. New political and ecological innova- 
tions require coordination among leaders from 
the local, regional, and national levels. Wide- 
spread public support for greener develop- 
ment has already had qualitative impacts in 
many settings, and public awareness must be 
increased in Amazonian countries to influence 
elections and political decisions concerning 
environmental protection (129). 


Policy actions and priorities 


Long-term (decades to centuries) conservation 
critically relies on economic and legal support 
to Amazonian universities, research institu- 
tions, and scientific collections. These aca- 
demic institutions are singularly situated to 
document Amazonian systems at multiple struc- 
tural, geographic, and temporal scales and to 
characterize poorly known organisms (such 
as plants, fungi, invertebrates, and microbes), 
which are the “ecosystem engineers” that reg- 
ulate biogeochemical cycles in Amazonian soils 
and surface and ground waters. These institu- 
tions also provide the skilled labor force re- 
quired to monitor Amazonian environments 
through time and to train the next generation 
of Amazonian scientists. 

Yet action is also required at broader scales. 
The global community must work closely and 
swiftly with national governments whose sov- 
ereignty includes Amazonian territory to en- 
act economic, legal, and scientific actions that 
limit global warming to 1.5°C above preindus- 
trial levels (130) and disincentivize activities 
for commodity export, especially soy, beef, 
timber, mineral, and hydrocarbon extraction 
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(131). These actions are abstracted from the 
SPA Assessment Report (/, 132) and other re- 
cent global environmental assessments (133, 134). 
These actions recognize the knowledge and 
rights of IPLCs, who play a critical role in shap- 
ing, protecting, and restoring ecosystems and 
biodiversity in the Amazon and other tropical 
regions (25, 131, 132). 

The most effective conservation actions en- 
hance legal protections and punish illegal 
activities for areas under public, private, com- 
munity, and Indigenous management, and re- 
ward companies, agencies, and communities 
committed to sustainable economic practices 
(132, 135-137). These actions prioritize partner- 
ships with IPLCs, areas with distinctive and 
threatened species, ecosystems, culturally im- 
portant landforms, and the highest anthro- 
pogenic threat—those with the most rapidly 
expanding human footprint. International fi- 
nancial institutions (such as IDB and BRI) 
must immediately suspend funding for ITRSA 
mega-infrastructure projects (such as roads, 
bridges, railways, dams, ports, and mines) in 
Amazonia, pending thorough, independent, 
and regional-scale environmental assessments 
(135). Annual commodity supply chain reports 
of imports by country will enhance account- 
ability. Success critically relies on robust, long- 
term partnerships among Amazonian people 
in the business, scientific, and IPLC commun- 
ities. These partnerships provide sustained 
administrative, financial, and legal resources 
to IPLCs to secure land tenure rights; moni- 
tor, protect, and restore Amazonian ecosystems 
and biodiversity; and exchange biodiversity 
and conservation information between aca- 
demic and local knowledge bases. 

As we approach an irreversible tipping point 
for Amazonia, the global community must act 
now. Policies to prevent the worst outcomes 
have been successfully identified, but imple- 
mentation is a matter of leadership and po- 
litical will. To fail the Amazon is to fail the 
biosphere, and we fail to act at our own peril. 
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BACKGROUND: Most analyses of land-use and 
land-cover change in the Amazon forest 
have focused on the causes and effects of 
deforestation. However, anthropogenic dis- 
turbances cause degradation of the re- 
maining Amazon forest and threaten their 
future. Among such disturbances, the most 
important are edge effects (due to deforesta- 
tion and the resulting habitat fragmenta- 
tion), timber extraction, fire, and extreme 
droughts that have been intensified by human- 
induced climate change. We synthesize knowl- 
edge on these disturbances that lead to 
Amazon forest degradation, including their 
causes and impacts, possible future extents, 
and some of the interventions required to 
curb them. 


TIMBER EXTRACTION 


ADVANCES: Analysis of existing data on the extent 
of fire, edge effects, and timber extraction be- 
tween 2001 and 2018 reveals that 0.36 x10° km? 
(5.5%) of the Amazon forest is under some form 
of degradation, which corresponds to 112% of the 
total area deforested in that period. Adding data 
on extreme droughts increases the estimate of to- 
tal degraded area to 2.5 x10° km?, or 38% of the 
remaining Amazonian forests. Estimated carbon 
loss from these forest disturbances ranges from 
0.05 to 0.20 Pg C year™ and is comparable to 
carbon loss from deforestation (0.06 to 0.21 Pg C 
year). Disturbances can bring about as much bio- 
diversity loss as deforestation itself, and forests 
degraded by fire and timber extraction can have a 
2 to 34% reduction in dry-season evapotranspira- 
tion. The underlying drivers of disturbances (e.g., 


EDGE EFFECTS 


agricultural expansion or demand for timber) 
generate material benefits for a restricted group 
of regional and global actors, whereas the bur- 
dens permeate across a broad range of scales 
and social groups ranging from nearby forest 
dwellers to urban residents of Andean countries. 
First-order 2050 projections indicate that the four 
main disturbances will remain a major threat 
and source of carbon fluxes to the atmosphere, 
independent of deforestation trajectories. 


OUTLOOK: Whereas some disturbances such as 
edge effects can be tackled by curbing defor- 
estation, others, like constraining the increase 
in extreme droughts, require additional mea- 
sures, including global efforts to reduce green- 
house gas emissions. Curbing degradation 
will also require engaging with the diverse set 
of actors that promote it, operationalizing ef- 
fective monitoring of different disturbances, 
and refining policy frameworks such as REDD+. 
These will all be supported by rapid and multi- 
disciplinary advances in our socioenvironmental 
understanding of tropical forest degradation, 
providing a robust platform on which to co- 
construct appropriate policies and programs 
to curb it. 
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Demand for timber and 
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An overview of tropical forest degradation processes in the Amazon. Underlying drivers (a few of which are shown in gray at the bottom) stimulate disturbances 
(timber extraction, fire, edge effects, and extreme drought) that cause forest degradation. A satellite illustrates the attempts to estimate degradation’s spatial 
extent and associated carbon losses. Impacts (in red and insets) are either local—causing biodiversity losses or affecting forest-dweller livelihoods—or remote, for 
example, with smoke affecting people's health in cities or causing the melting of Andean glaciers owing to black carbon deposition. 
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Approximately 2.5 x 10° square kilometers of the Amazon forest are currently degraded by fire, edge 
effects, timber extraction, and/or extreme drought, representing 38% of all remaining forests in the 
region. Carbon emissions from this degradation total up to 0.2 petagrams of carbon per year (Pg C year"), 
which is equivalent to, if not greater than, the emissions from Amazon deforestation (0.06 to 0.21 Pg C year’). 
Amazon forest degradation can reduce dry-season evapotranspiration by up to 34% and cause as much 
biodiversity loss as deforestation in human-modified landscapes, generating uneven socioeconomic burdens, 
mainly to forest dwellers. Projections indicate that degradation will remain a dominant source of carbon 
emissions independent of deforestation rates. Policies to tackle degradation should be integrated with 
efforts to curb deforestation and complemented with innovative measures addressing the disturbances that 


degrade the Amazon forest. 


ropical forests are critical for Earth’s cli- 

mate, biodiversity, local well-being and 

livelihoods, and humanity at large (J). 

They are also a hotspot for CO, emissions 

to the atmosphere, largely as a result of 
deforestation and other anthropogenic distur- 
bances (2). Most analyses of land-use and land- 
cover changes in tropical forests have focused 
on the causes and effects of deforestation (3-5). 
However, other, less-well-studied anthropogenic 
disturbances also threaten the future of tropical 
forests. These disturbances include edge effects, 
selective logging, fire, and extreme drought, 
which have been intensified by human-induced 
climate change. 

In the Amazon forest, the extent and long- 
term effects of such anthropogenic disturbances 
on the terrestrial carbon cycle, ecosystem func- 
tioning, and livelihoods of local populations are 
beginning to be understood and differentiated 
from deforestation impacts (6). These distur- 
bances often co-occur and repeat multiple times 


and greatly increase the impact on forest con- 
dition and biodiversity (7). Many of the effects 
of these disturbances also occur over longer 
time scales. For instance, ongoing tree mortal- 
ity after disturbance means that forests can 
continue to emit more carbon for decades after 
the disturbance (8, 9), such that current esti- 
mates of the total carbon loss tied to degra- 
dation are comparable to, if not greater than, 
carbon loss from deforestation (10-16). More- 
over, the reduced provision of ecosystem services 
resulting from such anthropogenic distur- 
bances appears to disproportionately affect 
local livelihoods (17-19). 

A recent study of the Amazon showed that 
only 14% of degraded forests were later defor- 
ested over a period of 22 years (11), suggesting 
that these are partially independent processes. 
Understanding and representing degradation 
as a process separate from deforestation is thus 
critical for improving observation networks, cli- 
mate change and conservation policies, as well 


as modeling the resilience of the Amazon for- 
est and its human populations, in light of 
ongoing land-cover and land-use changes and 
increased frequency of climate extremes. 

In this Review, we (i) identify proximate and 
underlying drivers of disturbances related to 
pan-Amazon forest degradation; (ii) provide 
estimates of uncertainties in the total de- 
graded forest area; (iii) assess the ecological 
impacts of degradation; and (iv) discuss the 
distribution of benefits and burdens among 
stakeholder groups. We then (v) examine our 
current ability to project Amazon degradation 
with existing data on disturbances and (vi) 
highlight the scientific advances required to 
understand and address forest degradation in 
Amazonia and other tropical forests. 


Defining degradation and disturbance 


Although many distinct definitions of forest 
degradation exist (20, 21), for this Review we 
consider tropical forest degradation as a tran- 
sitory or long-term (10"- to 10?-year time scale) 
deleterious change in forest condition. Condi- 
tion includes functions, properties, or services 
such as, but not restricted to, carbon storage, 
biological productivity, species composition, 
forest structure, local atmospheric moisture, 
or uses and values of the forest to humans. 
Changes in forest condition can be determined 
through comparisons with a previous undis- 
turbed baseline or inferred spatially using 
comparable undisturbed forests. Here, we focus 
on degradation driven by four human-induced 
disturbances (Fig. 1): extreme droughts, edge 
effects resulting from habitat fragmentation, 
timber extraction, and forest fires. 

Extreme droughts have become increasingly 
frequent in the Amazon as land-use change 
and human-induced climate change progress 
(22), affecting tree mortality, fire incidence, and 
carbon emissions to the atmosphere (23-25). 
Deforestation leads to habitat fragmentation, 
including the edge, area, and isolation effects 
that are known drivers of changes in ecolog- 
ical condition (72, 26). We focus mostly on edge 
effects, which are the changes in ecological and 
biophysical parameters that occur in forests 
adjacent to anthropogenic land uses (9). Timber 
extraction includes the legal and illegal selec- 
tive logging that takes place in standing forests 
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Fig. 1. A conceptual model of the drivers, impacts, and feedbacks of Amazon 
forest degradation. Some of the underlying drivers of disturbance (outer edge of 


the circle) are also directly related to deforestation proc 


others are not (olive). The four main disturbances leading to degradation—extreme 


drought, fire, timber extraction, and edge effects—are in 


and can feed back to each other (see “Underlying drivers of disturbance” section). 


(27, 28). Forest fires include all fires in stand- 
ing forests (29); these cause degradation as 
Amazonian species have little or no evolu- 
tionary adaptations to fire. This list is not 
comprehensive; for example, heat stress, iso- 
lation effects, nontimber forest product ex- 
traction, and defaunation could all alter forest 
condition. However, the four disturbances 
that we focus on can all be studied across the 
Amazon by using available satellite data and 
image processing methods, and have the best- 
quantified links with forest structure and 
carbon stocks. We do not consider natural 
disturbances (e.g., blowdowns) to be degrada- 
tion unless they interact with anthropogenic 
disturbances (30). 

To evaluate degradation, it must be differ- 
entiated from deforestation. Conceptually, this 
is simple. Deforestation involves a change in 
land cover (e.g., loss of canopy cover to below 
a certain threshold) and generally a change 
in land use (e.g., from forest to agriculture or 


+ Health deterioration 
+ Increased food insecurity 
+ Violation of cultural 
and territorial rights 


esses (blue), whereas 


trinsically interrelated 


land use may or may not change during the 
process of degradation, land cover does not 
(i.e., forest remains forest). However, this 
conceptual clarity can break down when moni- 
toring at scale. First, satellite-based monitor- 
ing of forests cannot easily discern changes 
in land use—areas affected by severe distur- 
bances, such as thrice-burned forests, can be 
classified as deforested even though the land 
use has not changed. Second, some deliberate 
deforestation may be confused with degrada- 
tion, with actors aiming to escape legal pros- 
ecution by using successive fires and other 
disturbances to gradually reduce tree cover 
over time. Although we do not attempt to in- 
tegrate these nuances in this Review, future 
monitoring would benefit from considering 
four land-cover classes within the degradation- 
deforestation continuum: (i) undisturbed for- 
est; (ii) degraded forest, where forest cover 
remains above a critical threshold and land- 
use change has not occurred; (iii) deforesta- 


urban land use) (37). By contrast, whereas 
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+ Loss of carbon stocks and 
increased emissions 

+ Change in ecosystem functions, 
composition and structure 

+ Loss of forest biodiversity 

* Changes in microclimate 


These disturbances cause economic, social, and ecological impacts that can be 
directly linked to each other (e.g., reduced forest resource availability leading 
to food insecurity). These impacts can also feed back to influence both the 
underlying and proximate drivers (respectively exemplified by revenue related to 
degradation causing local migratory movements and changes in microclimate 
causing increased fire incidence). 


where forest cover falls below a critical thresh- 
old of forest canopy structure but land-use 
change does not occur; and (iv) clear-cut de- 
forestation, where forest cover falls below a 
critical threshold as a result of land-use change. 
Differentiating between the latter three classes 
is key for applying legal processes and can be 
supported by longer-term assessments, con- 
sideration of the geometric patterns of change 
(burned edges are rarely linear), and ground 
visits. 


Underlying drivers of disturbance 


The disturbances that cause degradation share 
a range of underlying drivers operating at the 
regional or landscape scale (e.g., lack of gov- 
ernance, presence of roads, or demand for local 
foods) or stemming from national or global 
influences (e.g., market demand for commod- 
ities, credit, and climate change) (Fig. 1). Many 
of these drivers are linked with deforestation 
(5). For example, agricultural expansion into 
forested lands increases the exposure of the 
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remaining forests to edge effects, timber ex- 
traction, and the agricultural ignition sources 
that start many forest fires (32). Other key drivers 
of forest disturbance are, however, largely inde- 
pendent of the Amazonian deforestation process. 
Some timber extraction occurs in remote regions, 
far from the deforestation frontier; fires can 
extend deep into forested areas in drought years 
(25); and droughts are widespread across the 
basin (22, 33). 

The underlying drivers of forest disturbance 
frequently co-occur and interact. Timber extrac- 
tion, for instance, is driven by market demand 
but is facilitated by corruption and weak gov- 
ernance (34); forest fires are often caused by 
agricultural practices but can be exacerbated 
by extreme droughts (23). Furthermore, there 
are important and multiscale feedbacks be- 
tween the drivers of disturbances and their 
impacts. At the landscape scale, deforestation or 
degradation-related disturbances cause warm- 
ing and alter precipitation, potentially increas- 
ing drought (8, 35). At the global scale, carbon 
dioxide emissions from forest disturbance are 
major contributors to climate change, driving 
extreme droughts that cause or amplify degra- 
dation (24, 36). Anthropogenic disturbances in 
Amazonian forests are therefore the result of 
the interplay between a broad suite of drivers 
that are expressed and interact across a range 
of spatial scales (Fig. 1). Understanding their im- 
pacts is no less complex and requires quantify- 
ing the intensity and severity of disturbances 
and their distribution and interplay over time 
and space (Box 1). 


Spatial extent and severity 


Over the past decades, uncertainty in deter- 
mining the extent of degradation (Box 1) has 
been minimized by advances in remote-sensing 


technology. The increased availability of time- 
series information from the Terra, Aqua (MODIS 
sensor) and Landsat (TM sensor) satellites 
has helped demonstrate the widespread oc- 
currence and impact of tropical forest degra- 
dation (12, 15, 16, 37-39). The only existing 
pan-Amazonian direct estimate using a Landsat 
time series (J7) indicates an area of 1,036,800 + 
24,800 km? affected by human and natural 
disturbances between 1995 and 2017 (47,127 + 
1127 km? year”), corresponding to 17% of the 
total forest area in 2017. Disentangling the spa- 
tial extent and severity of the multiple drivers 
of degradation is critical for understanding 
the impact of disturbances on tropical forests. 
Each disturbance type is driven by distinct 
factors, leading to great variation of their spa- 
tial extents from year to year. To capture the 
patterns of multiple disturbances, we compiled 
published data of the four main drivers of for- 
est degradation, using the most up-to-date, 
spatially explicit datasets on burned area (40), 
timber extraction (41), edge effects (9), and 
drought (42). We assessed the period from 
2001 to 2018. Data for the four disturbances 
had spatial resolutions of 0.5, 27, 0.03 and 55 km, 
respectively. We show that in that period fires 
alone affected 122,624 km”, timber extrac- 
tion 119,700 km”, edge effects 188,531 km”, and 
drought 2,740,647 km? (Fig. 2), representing, re- 
spectively, 1.8, 1.8, 2.8, and 41.1% of the remain- 
ing Amazon forest cover (6,673,908 km?) (43). 
Forest fires intensify during drought years 
(0, 23, 24, 44, 45), leading to acute peaks in 
burned area: 14,584 and 32,815 km? in the dry 
years of 2005 and 2010, respectively. This is 
two to four times the mean total forest area 
burned in all other years in the 2001-2018 pe- 
riod (7701 km”). Although the extent of Amazo- 
nian fires during recent droughts has already 


Box 1. Defining Amazonia’s degradation regime. 


The important factors determining impact can be understood by extending the concept of a fire 


regime to the disturbances that cause degradation. 


Extent: The area of forest affected by disturbances. Severe disturbances that affect canopy cover 
can be assessed using remote sensing; more subtle changes resulting from droughts can be inferred 
from anomalies in water deficit (130) (see “Spatial extent and severity” section). 

Intensity: A measure of the strength of a disturbance, such as logging offtake, fire radiative power, 
the strength of the water deficit anomaly, or degree of exposure to edges. 

Severity: A measure of the impact of the disturbance on ecosystem-level or social conditions. This 
is a function of disturbance intensity and the sensitivity of the ecosystem or of societal groups that 


depend on forest resources. 


Frequency: The number of disturbance events. The severity of disturbance often increases with the 
number of disturbance events, and recurrent fires or logging can bring about dramatic changes in 


ecological condition on decadal time scales. 


Co-occurrence: The incidence of different forms of disturbance occurring in the same location (Fig. 2), 
in part encouraged by the interactions among them (see “Underlying drivers of disturbance” section). 
Co-occurring disturbances can amplify the severity (e.g., fire effects are more severe near edges). Co- 
occurrence can also be important at the landscape level, even if disturbances are not precisely super- 
imposed. Their combined effect can contribute to significant losses of biodiversity (7) and of ecosystem 
services that are valuable to human populations (see “Social and economic dimensions” section). 
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been large, much larger megafires are also 
possible (46). Edge creation is strongly and 
positively correlated with deforestation at 
the basin level (9), although further defores- 
tation could reduce the area of forests exposed 
to edges in regions with low levels of forest 
cover. 

Despite remaining stable over time in the 
analyzed dataset, timber extraction extent re- 
mains highly uncertain. The product used here 
(41) shows an annual rate of 6623 km? year * 
affected by timber extraction from 2001 to 2018 
in the Brazilian Amazon. The first Brazilian 
Amazon-wide study estimated a rate of 11,537 
km? year between 1999 and 2002 (27), which 
coincides with a period of high deforestation 
rates in the region. The other Brazilian Amazon- 
wide estimate assessing the extent of timber 
extraction from 1992 to 2014 showed an an- 
nual rate of 4479 km? year”! (12). This is 32% 
lower than the timber extraction estimate shown 
in Fig. 2, a difference that may be related to 
the frequency of the temporal series analyzed 
by Matricardi et al. (12), or the difference be- 
tween the timber extraction product used here— 
which is based on national census statistics— 
and a remotely sensed approach. Estimates 
suggest that ~50% (or even more) of the timber 
extraction in the Amazon is illegal (47), meaning 
that this does not appear in either the national 
census or the product used here. 

The complexity of quantifying degradation 
impacts increases with the frequency of over- 
lap among different disturbances. Using the 
two highest spatial resolution datasets (burned 
and edge areas), we found that 25% of the total 
burned forest area was within 120 m of an edge, 
affecting 17% of the total edge area. Addition- 
ally, 6% of the area affected by both edges and 
fire was also affected by drought. Accounting 
for the spatial extent of forests hit by fire, tim- 
ber extraction and edge effects, and the over- 
laps between them, the degraded area due to 
these three drivers affected at least 364,748 km? 
(5.5% of all remaining Amazonian forests) from 
2001 to 2018. This corresponds to 112% of the 
total area deforested during this same period 
(325,975 km”) (15, 48, 49), and is within the same 
magnitude of a previous estimate of degrada- 
tion in the Brazilian Amazon of 337,427 km? 
in the 1992-2014 period (72). Estimating over- 
lap between timber extraction and other drivers 
is not trivial because the data used for timber 
extraction provide a percentage cover by area 
within the 27-km-resolution grid cell, rather 
than a precise delimitation of the area affected 
by these events. Here, we assumed a propor- 
tional distribution of logged forests within the 
grid cell to account for the timber extraction 
overlaps with other drivers, as logged forests 
can be more flammable than undisturbed 
forests (50), and the extraction of timber is 
often associated with edges (57). Not all the 
extreme droughts observed in the Amazon 
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Fig. 2. Current (2001-2018) spatial distribution of the four main drivers of forest degradation in the Amazon forest, excluding deforestation and savanna 
areas. (A) Extreme drought occurrence, (B) burned area, (C) timber extraction, (D) area within a forest edge. The datasets employed (23, 40-42, 129), processing 
steps, and numerical estimates are shown in the supplementary materials. 


in the analyzed 2001-2018 period have been 
unequivocally attributed to human-induced 
climate change (22). Nevertheless, when con- 
sidering all the four main drivers, and all pos- 
sible overlaps between them, the estimate of 
total degraded area increases to 2,542,593 km”, 
or 38% of the remaining Amazonian forests. 
This total degraded area includes 628,909 km? 
of forest where two or more of the four dis- 
turbances overlap (table S1). 

This assessment indicates a broad range of 
estimates, varying from 5.5% (considering only 
fire, timber extraction, and edge effects) to 
38% (considering all four disturbances). Such 
a large range of estimates of the extent of deg- 
radation is mainly determined by the types 
of disturbances considered (with much larger 
area estimates if less-severe disturbances, such 
as droughts, are included; Fig. 2), the spatial 
and temporal ranges of the studies, and their 
distinct methods (16, 37-39, 52). All recent 
studies, however, consistently agree that the 
extent of degraded forest is growing, and the 
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total area is either equal to or greater than 
the Amazon’s deforested area (J0-12). 


Ecological impacts 
Changes in carbon stocks and basin-wide emissions 


Disturbance type and intensity are strong pre- 
dictors of the magnitude of change in above- 
ground carbon stocks (i.e., severity; Box 1). 
Carbon losses are often greatest in burned for- 
ests, compared to the other disturbances (53). 
Sixty-nine percent of the burned area shown 
in Fig. 2 has been affected by a single under- 
story forest fire, reducing aboveground carbon 
stocks by 13 to 50% (17, 54, 55) (Fig. 3). Tree 
mortality following understory fires varies 
spatially: The highest levels of tree mortal- 
ity and the greatest biomass losses have been 
recorded in the Brazilian state of Para (29, 56). 
Smaller effects have been recorded in drier 
Amazonian regions (44) where trees are pro- 
tected by thicker bark (57) and in less-seasonal 
regions where fire intensity may be limited by 
high fuel moisture content (54). Carbon losses 
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in logged forests are also highly variable and 
range from 4 to 35% (Fig. 3), depending on 
extraction intensity and the management of 
collateral damage (28). The severity of edge 
effects varies in relation to the distance to the 
forest edge, with severity decreasing from the 
edge to the interior, and over time, with most 
losses occurring within 5 years of edge forma- 
tion. Even when these factors are controlled, 
the impacts vary substantially: Carbon losses 
within 120 m of an edge range from 23 to 35% 
in the first 4 years after the edge formation 
(6, 26), with the severity potentially related to 
exposure to fire (9) (Fig. 3). Edge effects may 
also vary over much larger spatial scales and 
could be less severe in forests on the richer 
soils of western Amazonia (58). Finally, extreme 
droughts bring about short-term carbon losses 
of 1 to 8% (23, 59) (Fig. 3). 

Time since disturbance is an important de- 
terminant of aboveground carbon stocks. When 
forests are burned, the recovery of carbon stocks 
from tree recruitment and growth is offset by 
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Fig. 3. The relationship between the area affected between 2001 and 2018 and disturbance severity 
(carbon loss). D, extreme drought; E, edge effects; F, forest fire; L, timber extraction (logging). Numbers 
denote single events (1) or repeated fires or droughts (2 or 3). Area is shown on a logio scale. See 


supplementary materials for analysis methods. 


high rates of ongoing tree mortality (23, 56, 60), 
such that burned forest can be a net source of 
carbon emissions for up to 7 years after the 
fire and hold ~25% less carbon after 30 years 
(45, 55, 60). Biomass recovery times after log- 
ging are almost directly proportional to the 
volume of timber extracted, such that ex- 
traction of 10, 25, or 50% of prelogging above- 
ground carbon stocks would require 12, 43, or 
75 years to recover (28). These rates also vary 
across the Amazon, depending on soil fertil- 
ity and climate (50). Carbon losses from edge 
effects are most pronounced after the first 
4 years (9, 26). As 66% of current edges are older 
than this (6), most will have incurred these 
losses. Longer-term assessments of drought 
impacts show mixed results, with plot-based 
studies reporting both rapid recovery (67) and 
sustained effects lasting at least 3 years (23). 

Repeated disturbances are often associated 
with the greatest losses of aboveground car- 
bon. Recurrent fires can lead to losses of over 
80% of aboveground carbon (17) (Fig. 3), which 
is important as almost one-third of the burned 
area has been burned either twice (18%) or 
three or more times (13%) (Fig. 2). Similarly, the 
impacts of timber extraction are far greater in 
forests that have suffered multiple extraction 
events (53), and edge effects are greater when 
forests are exposed to multiple edges (62). The 
cumulative impact of multiple droughts on 
aboveground carbon is not known but could 
be important given that over one-third of the 
drought-affected area was affected by two (26%) 
or more (10%) events in an 18-year period (Fig. 2). 
Co-occurring disturbances can also amplify ef- 
fects, with windstorms resulting in much higher 
biomass losses in thrice-burned forest (31%) 
than in unburned forests (15%) (30). 
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Our overview of the extent (Fig. 2), severity 
(Fig. 3), and longevity of these four disturbances 
demonstrates that they are likely to be a sub- 
stantial source of long-term carbon emissions 
from Amazonian forests. However, at present 
there is insufficient information on disturbance 
recurrence and recovery to make a reliable 
estimate of their combined influence on the 
Amazon’s carbon balance. Studies that have 
attempted this using remote sensing, or mix- 
ing field assessments with estimates of extent, 
estimate annual emissions of between 0.05 
and 0.2 Pg C year for a different combination 
of disturbances (J0-16), which are comparable 
to deforestation emission estimates of 0.06 to 
0.21 Pg C year’ (49, 63). Yet comparisons re- 
main confounded by the different spatial and 
temporal scales of assessments and the different 
types of disturbance that are being assessed— 
studies inferring degradation from canopy open- 
ness are likely to miss some of the degradation 
resulting from edges or low-intensity logging, 
while airborne air sampling is unable to ac- 
curately separate emissions from deforesta- 
tion and degradation (8). 


Other climate processes 


Beyond carbon, forest disturbances influence 
a range of atmospheric processes. Within the 
forests themselves, tree mortality from forest 
fires, timber extraction, and edge effects in- 
crease temperatures and lower the humidity 
of the understory (26, 29, 35, 50). Reductions 
in forest biomass and changes in species com- 
position also affect water cycling (64). Forest 
edges generate 5% less evapotranspiration (ET) 
than forest interiors (65), and degraded forests 
provide between 2 and 34% less ET than intact 
forests in normal dry seasons, with stronger 


27 January 2023 


reductions in southern drier sites (35). How- 
ever, the magnitude of change for ET seems to 
be far less than that for carbon stocks (35, 66), 
with recovery occurring within 7 years of re- 
peated forest fires (66). Amazonian fires also 
reduce air quality many thousands of kilo- 
meters from the source (67), while soot deposits 
are accelerating glacier melt in the Andes (68). 


Biodiversity and ecosystem functioning 


Fires, timber extraction, and edge effects re- 
duce the number of forest species (7, 69) and 
species with the highest conservation values 
(7). In landscapes with ~80% forest cover in 
the eastern Amazon, the combined influence 
of forest disturbances in remaining forest 
results in about as much biodiversity loss as 
the loss of habitat in the deforested areas (7). 
In fragmented landscapes, patch area is an 
important determinant of species persistence; 
conserving the full suite of forest birds requires 
maintaining large patches (e.g., >10,000 ha) of 
good-condition forest (70). The impacts of for- 
est disturbance extend to aquatic biota, and even 
reduced-impact logging affects the composi- 
tion and functional traits of stream fishes (77). 
Disturbance also disrupts multitrophic pro- 
cesses such as pollination, decomposition, seed 
dispersal, and herbivory (72) and drives sub- 
lethal changes in the morphology or physiol- 
ogy of birds (73) and dung beetles (69). 

The postdisturbance recovery of forest fauna 
can be slow, and understory forest-specialist 
birds do not recover their original abundances 
even 10 years after a single fire event (74). Re- 
covery can be further impeded where forests 
have been affected by previous disturbances (72) 
or where succession is dominated by lianas, 
palms, bamboos, or invasive grasses (45, 75). 
Finally, fauna can support postdisturbance 
forest recovery, with birds, terrestrial ungulates, 
and primates all helping disperse seeds (76). 
Some of these taxa are resilient to low-intensity 
disturbance (77) and contribute to forest regen- 
eration where hunting is controlled and there is 
connectivity with undisturbed forests (78). 


Social and economic dimensions 


Whether initiated by chainsaws, fire, or drought, 
people drive forest degradation (27). Its prev- 
alence and persistence (Fig. 2) are largely ex- 
plained by the (short-term) economic benefits 
driving the four disturbances (Fig. 4A). A broad 
range of human actors generate these distur- 
bances, from local forest communities that use 
fire for subsistence agriculture, regional com- 
mercial businesses extracting timber, to distant 
city-dwellers consuming commodities originat- 
ing in forest landscapes, the fossil fuel con- 
sumption of the international community, and 
investment banks contributing to geopolitical 
and market forces (79). These actors are influ- 
enced by the outcomes of disturbances (e.g., 
smoke from fires), and the resulting degraded 
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Fig. 4. Socioeconomic benefits and burdens of Amazon forest degradation and its drivers are unevenly distributed. (A) The underlying drivers of disturbance 
generate mainly material benefits, while (B) the resulting forest degradation generates burdens that are unevenly distributed among stakeholders and across scales. 
Impacts are displayed as benefits (blue) and burdens (brown) to people, with drivers and outcomes grouped according to material, quality of life, and relational dimensions. 
The main disturbance type(s) associated with each outcome is indicated by the icon and the range of impacts by the horizontal extent. This list is not exhaustive. 


forest states, in distinct [i.e., material, subjec- 
tive (quality of life), and relational impacts] 
and unevenly distributed ways across multi- 
ple spatial scales (Fig. 4). Crucially, the flow of 
benefits (which are related to proximate driv- 
ers of forest degradation) and burdens (which 
are related to degradation outcomes) is mis- 
aligned. Benefits often accrue to external stake- 
holders, whereas burdens are concentrated 
locally, creating socioecological injustices 
(Fig. 4B). To achieve more just and sustainable 
outcomes, the benefit seeking that ultimate- 


ly drives degradation needs to be balanced 
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against the multitude of burdens that arise 
from it. 


Material benefits of degradation 


Many of the disturbances driving degrada- 
tion deliver material benefits (i.e., money and 
goods) to privileged elites living outside of 
forest landscapes (80, 87). For example, a small 
fraction of (large-scale) landholders account 
for most forest loss (82), contributing to de- 
gradation via edge creation through defor- 
estation, escaped pasture renewal fires (32), 
and reduced regional rainfall (8) and ultimately 
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contributing to global climate change itself via 
carbon emissions (83). Forest loss is strongly 
associated with commodity production, with 
material benefits accruing to wealthy regional 
and international actors (84). For instance, even 
omitting the sizable clandestine market (34, 47), 
timber extraction in the Brazilian Amazon gen- 
erated US$459.5 million in 2018 (85), which 
was not well distributed (4). 

At local scales, small-holder farmers con- 
tribute to forest degradation, either direct- 
ly through small-scale timber extraction or 
hunting, or indirectly via agricultural fires that 
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may escape into forests. Notably, benefits of 
local drivers are retained locally (e.g., support- 
ing household incomes) or regionally (e.g., 
food security) (86) (Fig. 4A). Other benefits 
accruing locally include income from hired 
labor in logging camps (87). However, these 
economic benefits tend to be short term (4), 
poorly negotiated, and disproportionately small 
and do not compensate for the local damages 
that forest disturbances inflict (88, 89). 


Multidimensional burdens exacerbate 
the vulnerabilities of marginalized groups 


Forest disturbances driving degradation cre- 
ate burdens to multidimensional human well- 
being that are predominantly concentrated on 
local communities (Fig. 4B). The most severe 
material impacts are borne by small-scale 
farmers, Indigenous people, and traditional 
communities who rely on a diverse set of for- 
est resources to underpin resilient livelihoods 
and cultural practices (90). Timber extraction 
reduces the availability of species that contrib- 
ute to nutritional diversity or provide oils or 
medicines (89, 90). Reductions in diversity of 
host species undermine the “dilution effect” 
(where low-quality host abundance buffers 
parasite dispersal), increasing vector-borne 
diseases (e.g., Chagas disease) (91). The dense 
understory of fire-affected forests makes hunt- 
ing harder (mobility in Fig. 4B) and reduces 
availability of preferred game species (92). For- 
est disturbances related to degradation can 
alter fish abundance in streams, rivers, and 
floodplains, with implications for the nutri- 
tional diversity and food security of local com- 
munities (77). Some of the material changes 
extend beyond local communities, as reductions 
in forest resources can affect peri-urban house- 
holds that maintain strong links with forests 
(88), compounding existing vulnerabilities asso- 
ciated with structural marginalization (93). 

Although less well understood than mate- 
rial impacts, burdens related to forest distur- 
bance also affect the relational and subjective 
dimensions of people’s lives, which make im- 
portant contributions to human well-being 
(94). Further, some of the disturbances that 
cause degradation (e.g., burning, presence of 
logging operations) themselves reduce the 
quality of life of local peoples—for example, by 
increasing the exposure of forest peoples to 
infection (e.g., COVID-19) (95). Public-health 
burdens accrue from the smoke associated 
with fires and include premature deaths as 
well as school closures that potentially reduce 
the learning lifetime of local children (public 
education in Fig. 4B) (67, 96, 97). Incidence of 
violence rises when land conflicts associated 
with forest degradation occur (98), and with- 
in temporary settlements created for logging 
operations (99). 

The loss of forest resources following dis- 
turbances can negatively influence relational 
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dimensions of people’s lives, including socio- 
cultural reproduction, cohesion, and cultural 
practices. For example, forest degradation 
can erode communal sites, impair place attach- 
ments, and affect interactions with the forest 
and ways of knowing and of using its resources. 
Degradation can also heighten perceptions of 
vulnerability and risk owing to place disloca- 
tion, transformation, and threat of potential 
resettlement (100). 


Diffuse and indirect burdens accrue 
to external actors 


Amazon forest disturbances that drive degra- 
dation also burden regional and international 
actors, though often in more indirect and diffuse 
ways. For instance, people living large distances 
from forests may be affected by disturbance- 
induced changes in the carbon and water cycle 
(35). These impacts extend to regions surround- 
ing the Amazon, with implications for material 
gains and revenue within the agriculture sector 
(83). Fires can influence the sustainability of 
water availability in distant (e.g., Andean) cities, 
with the deposition of black carbon accelerat- 
ing glacial melt (68). Fire also causes material 
damage to the timber sector, affecting commer- 
cially unexplored forests (17, 701), and other 
losses to potential revenue and to the region’s 
economy (e.g., through airport closures) (96). 
Forest degradation precludes discovery of 
new pharmaceutical, nutritional, and bio- 
based products and can precipitate the emer- 
gence of pandemics with global consequences 
for health, economies, and well-being (102, 103). 
Further, the relationship between ecosystem 
degradation and regional public health has 
the potential to be important (104). Estimates 
suggest that the loss of ecosystem services as a 
result of extreme climate change in the Ama- 
zon may induce regional economy losses of US 
$7.7 trillion in a period of 30 years (78), and 
this excludes the substantial intangible rela- 
tional and quality-of-life impacts. Better under- 
standing of the multifaceted suite of burdens 
extending from degradation across scales could 
help to inform appropriate policy responses 
and galvanize support in society for a shift 
toward more sustainable use of the forest. 


Projecting Amazon forest degradation 


Most studies assessing future scenarios for the 
Amazon focus on deforestation and its rela- 
tionship with prospective road development, 
agricultural expansion, and conservation poli- 
cies (3, 105-108). Only five studies have projected 
future Amazon forest degradation in a spa- 
tially explicit way, either covering the entire 
Amazon biome (109) or focusing on the Co- 
lombian (110), Brazilian (111, 112), or southern 
Brazilian Amazon (44). Modeling approaches 
include mechanistic (7/1), statistical (710, 112) 
and hybrid (44, 109) methods. Studies assess- 
ing the proximate causes (Fig. 2) focused on 
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fire occurrence driven by deforestation and 
climate change (44, 109), fire intensity driven 
by climate change (1/1), edge effects due to 
forest fragmentation (1/0), or mixed causes 
(112). Two further studies modeled degrada- 
tion in a nonspatially explicit way using fixed 
degradation-to-deforestation ratios (173) or 
statistical relationships of carbon loss caused 
by logging and fire (1/4). Despite the variation 
in methods and study areas, these modeling 
studies reinforce many of the findings emerg- 
ing from empirical studies, including that (i) 
feedbacks between different drivers are key 
for Amazon forest degradation (09); (ii) deg- 
radation can occur independently from de- 
forestation [e.g., control of deforestation can 
reduce fire activity, but only under weak to 
moderate climate change scenarios (J09)]; (iii) 
climate change can boost fire intensity and 
ignition sources, promoting fire-driven degra- 
dation (111); (iv) roads promote degradation 
as well as deforestation (57); and (v) carbon 
dioxide emissions from degradation can over- 
whelm those from deforestation (44, 110), and 
the carbon uptake from regeneration (113). 

Combining previously published projections 
of the individual main disturbances that cause 
degradation (43), we project potential future 
patterns of degradation of the Amazon forest 
and their effects on carbon stocks under two 
alternative deforestation scenarios: “gover- 
nance” (GOV) and “business-as-usual” (BAU). 
These projections show (Fig. 5) that halting 
deforestation, as pledged by Amazonian na- 
tions in the Glasgow declaration and in their 
nationally determined contributions to the 
Paris Agreement, does not necessarily curb 
degradation across the Amazon. Projected 
2050 annual carbon emissions are 0.06 Pg C 
year ‘in the GOV scenario and 0.42 Pg C year * 
in the BAU scenario. This upper limit is con- 
siderably higher than the upper limit of 0.2 Pg 
C year observed in the 2001-2018 period, 
owing to a stronger contribution of more fre- 
quent droughts in the future, but still lower than 
another projection restricted to the Brazil- 
ian Amazon (172). Indeed, the degradation- 
to-deforestation ratio for carbon emissions 
remains high both in a scenario where illegal 
deforestation is stopped after 2030 (GOV, 1.04) 
and in the BAU scenario, which extrapolates 
the land-use dynamics of the early 2000s (BAU, 
0.74). To some extent, these findings are to be 
expected, given that halting deforestation leaves 
a larger forest area that is subject to fires, log- 
ging, or droughts (175). However, our assessment 
also indicates the importance of designing and 
implementing intervention strategies that ad- 
dress degradation and deforestation as dis- 
tinct processes (116, 117). 

Emissions in the GOV scenario are dominated 
by fire (59%), followed by droughts (38%) and 
logging (3%). However, in the BAU scenario, 
under Representative Concentration Pathway 
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Fig. 5. First-order 2050 projections of Amazon forest degradation through 
its main drivers. Projections of 2019-2050 changes in the main proximate drivers 
of Amazon forest degradation. (A and F) Edge effects (108); (B and G) fire 
occurrence (111); (C and H) timber extraction (41); (D and I) extreme drought (in 
number of occurrences in 2019-2050) (33); and resulting combined carbon 

losses (E and J) under climate and deforestation governance (GOV) and business- 


as-usual (BAU) scenarios (43, 108). Inset charts in (E) and (J) show resulting carbon 
emissions in the 2019-2050 period resulting from deforestation (DFT) and 
degradation (DGR) (notice the different scales). The share of C emissions per driver 
is shown in the DGR bar and follows map colors. Black map areas denote 
deforestation in the 2019-2050 period, whereas gray areas depict deforestation 
prior to 2019. See supplementary materials for methods and numerical results. 


(RCP) 8.5 climate, droughts become the domi- 
nant cause of carbon emissions associated with 
degradation (63%), followed by fire (30%) and 
logging (5%). The high relative contribution of 
drought demonstrates that the mitigation of 
Amazon forest degradation also depends on con- 
certed international (ie., extra-Amazonian) efforts 
to abate global climate change. These findings are 
aligned with observational data regarding the 
hierarchy of each disturbance in terms of car- 
bon loss and affected area (Fig. 3 and table S2). 

Although these projections demonstrate the 
potential importance of future degradation, 
they have probably been underestimated as 
they do not include feedbacks and interac- 
tions between disturbances (see “Underlying 
drivers of disturbance” section). For example, 
degradation from timber extraction, extreme 
droughts, and edge effects alter the forest micro- 
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climate, making future fires more likely (29). 
The feedbacks between Amazon forest degra- 
dation and regional climate change are partic- 
ularly relevant for determining the likelihood 
of an Amazon tipping point (78, 779). 


Degradation and the future of the forest 


Although our understanding of degradation 
has improved markedly, important uncertain- 
ties remain regarding the quantification of the 
area affected by the different disturbances, 
their longer-term impacts, and how distur- 
bance severity is modified by co-occurrence, 
repeated events, or changes in management 
practices (e.g., toward integrated fire man- 
agement, or sustainable logging protocols). 
Our understanding of the drivers of distur- 
bance would be improved by more in-depth 
analyses of underlying causes and better iden- 
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tification of the actors and funding chains, as 
has been extensively investigated for defor- 
estation (3-5, 82). Further, research is essential 
into what forms of governance, co-responsibility, 
and valuation can best, and most realistically, 
balance the environmental, social, and economic 
imperatives associated with forest resource 
management (120, 121). 

From the policy perspective, the distinct na- 
ture of proximate drivers, the range of stake- 
holders that benefit from them, and the 
challenges in monitoring disturbances all 
make curbing forest degradation considera- 
bly more complex than reducing deforestation. 
The Reduction of Emissions from Deforestation 
and Degradation (REDD+) framework is the 
only existing international policy mechanism 
that aims to address tropical forest degrada- 
tion (6). Nevertheless, only a small minority 
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of REDD+ projects are targeted at preventing 
degradation (777), and the identification of 
key actors and drivers in REDD+ projects is 
confusing, even when those address the well- 
known process of deforestation (122). Moreover, 
although leakage effects (displacement of defor- 
estation from a REDD+ covered area to another 
area not covered by that program) are a major 
concern for deforestation-based projects (123), 
they remain unquantified for displaceable dis- 
turbances such as timber extraction. 

Although our intent here is not to be policy 
prescriptive, this Review has nonetheless re- 
vealed some key priorities for policy-makers 
and practitioners. Preventing further defor- 
estation remains a key objective for stabilizing 
the climate system, preserving biodiversity, and 
ensuring sustainable development; deforesta- 
tion is itself a major driver of greenhouse gas 
emissions and biodiversity loss and a driver of 
several forms of degradation (Fig. 1). The integ- 
rity of the basin also depends on maintaining 
sufficient forest cover (119). Preventing addi- 
tional degradation will also benefit from the con- 
ditions required to curb deforestation, such as 
the strengthening of land tenure, environment- 
oriented credit concession, and the provision of 
sustainable income and livelihood alternatives 
that can attenuate social inequalities (124). 

But it is also clear that actions taken to pre- 
vent deforestation are not enough and must 
be supported by other interventions, such as 
preventing illegal logging (34), implementing 
large-scale investments and capacity building 
for a shift to fire-free cattle ranching, and sup- 
porting smallholders to reduce, eliminate, or 
better control the use of fires in agriculture. 
Initiatives to curb degradation (and stimu- 
late restoration) arising from the private sec- 
tor should be encouraged by public policies, 
learning from previous initiatives such as the 
efforts to avoid deforestation in the Amazo- 
nian soybean production sector (125, 126). All 
these actions will benefit from improvements 
in the monitoring of tropical forest degra- 
dation. As spaceborne light-detecting and 
ranging (LIDAR) technology becomes increas- 
ingly cost-effective (127), the combination of 
its ability to detail canopy structure with opti- 
cal imagery is a promising avenue for oper- 
ationalizing the monitoring of disturbances 
linked to degradation (128). Other innova- 
tive ground-based monitoring initiatives such 
as the “smart forests” concept could be useful 
in contexts where disturbances such as timber 
extraction are key threats (an example is 
given by the Rainforest Connection initiative, 
https://rfcx.org/). Finally, efforts to reduce deg- 
radation will all be supported by rapid and 
multidisciplinary advances in our socioenvi- 
ronmental understanding of tropical forest 
degradation that can provide a robust platform 
on which to co-construct appropriate poli- 
cies and programs to curb it (6). 
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INTRODUCTION: Antigens in vaccines are de- 
signed to induce antibodies that bind to key 
epitopes on the surfaces of pathogens, pro- 
moting microbe elimination. Despite advances 
in the engineering of immunogens that closely 
mimic native pathogen protein structures, not 
all vaccines elicit protective humoral immu- 
nity. We hypothesized that the integrity of vac- 
cine antigens in vivo could be an important 
factor. Extracellular antigen degradation in 
lymph nodes (LNs) could limit the generation 
of protective antibody responses and also 
create competing irrelevant responses against 
antigen breakdown products. However, vaccine 
antigen stability in vivo is poorly understood. 


RATIONALE: Extracellular protease activity with- 
in the LN has not been studied, and how such 
potential proteolytic activity could affect im- 
munogen structure and subsequent immune 
responses is unknown. We used HIV immuno- 
gens as a model system and measured anti- 
gen stability in the LN, identified degradative 
proteases, and explored vaccination strategies 
to maximize the delivery of intact antigens to 
B cells. 


© FDCs @Antigen 


RESULTS: We investigated antigen stability with- 
in the LN by conjugating antigens with dyes 
that undergo a loss in fluorescence resonance 
energy transfer (FRET) upon structural break- 
down. After vaccination, antigen was rapidly 
degraded in the subcapsular sinus (SCS) and 
extrafollicular regions of the LN within 48 hours, 
with approximately half of the antigen break- 
down occurring extracellularly. By contrast, anti- 
gen localized to B cell follicles remained intact. 

To determine the cause of antigen degra- 
dation, we examined protease expression and 
activity in LNs. RNA sequencing, histology, and 
imaging zymography revealed that extracellular 
proteases and protease activity were present at 
high levels in the SCS and extrafollicular re- 
gions, but were present at low levels within fol- 
licles. The identified metalloproteases degraded 
antigen in vitro, and their inhibition in vivo 
increased intact antigen levels within the LN. 

Although antigen captured by follicular den- 
dritic cells (FDCs) has been reported to be 
retained in an intact state, the mechanisms 
for this preservation have remained unclear. 
We tested the importance of low follicular 
protease activity by adoptively transferring 


@ Cellmembrane @ Antigen 


protease-expressing polyclonal B cells into 
the LNs of immunized mice. We observed a 
significant decrease in FDC-captured anti- 
gen stability, indicating that low follicular 
protease activity is important for intact anti- 
gen retention. 

Motivated by these findings, we tested vac- 
cination strategies to maximize the humoral 
response to intact antigen. Immunization by 
“extended dosing” regimens or nanoparticle 
formulations that rapidly targeted antigen to 
FDCs were compared with traditional bolus- 
soluble antigen vaccination (in which little 
follicular uptake of antigen is observed). FDC- 
targeting vaccinations led to large germinal 
centers (GCs), with high numbers of B cells 
recognizing intact antigen. By contrast, tradi- 
tional bolus immunization resulted in small 
GCs with B cells that equally recognized intact 
antigen and breakdown products. Similar pat- 
terns of response were observed in serum anti- 
body titers. 


CONCLUSION: Here, we have shown that rapid 
antigen degradation can occur in LNs after 
vaccination except within follicles. This degra- 
dation is mediated by spatially compartmen- 
talized proteolysis within the tissue. Vaccine 
strategies promoting rapid follicular antigen 
localization strongly promoted antibody genera- 
tion against intact antigen without amplify- 
ing responses to irrelevant antigen breakdown 
products. Such approaches may enable more 
effective vaccines against difficult pathogens 
such as HIV. 
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Stability of FDC-captured antigen after immunization. Left and middle: HIV antigens (magenta) localized to FDCs (cyan) that reside among cells in the follicle 
(green) 3 days after immunization. Right: FRET analysis of antigen structural integrity within the outlined region shows that antigen localized to FDCs remains intact. 


Scale bar, 10 ym. 
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The structural integrity of vaccine antigens is critical to the generation of protective antibody responses, but the 
impact of protease activity on vaccination in vivo is poorly understood. We characterized protease activity in 
lymph nodes and found that antigens were rapidly degraded in the subcapsular sinus, paracortex, and 
interfollicular regions, whereas low protease activity and antigen degradation rates were detected in the vicinity of 
follicular dendritic cells (FDCs). Correlated with these findings, immunization regimens designed to target antigen 
to FDCs led to germinal centers dominantly targeting intact antigen, whereas traditional immunizations led 

to much weaker responses that equally targeted the intact immunogen and antigen breakdown products. Thus, 
spatially compartmentalized antigen proteolysis affects humoral immunity and can be exploited. 


fter vaccination, humoral immune re- 
sponses begin by B cells binding with 
their receptors to cognate antigen, fol- 
lowed by the formation of germinal cen- 
ters (GCs), where these cells undergo 
proliferation and affinity maturation, leading 
to the production of high-affinity antibodies 
against the target antigen (7-3). Factors deter- 
mining the makeup of the eventual affinity- 
matured polyclonal antibody response remain 
incompletely understood, although the precur- 
sor frequency of antigen-specific B cells, the 
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affinity of precursors for the antigen, antigen 
complexity, follicular helper T cell-derived 
signals, and antibody feedback all contribute 
(4-8). In addition, the duration of antigen ex- 
posure and the amount of antigen available to 
B cells plays an important role (9, 10). 

We hypothesized that the structural integ- 
rity of the antigen in vivo is an additional im- 
portant factor. To elicit protective responses, 
antigens need to present neutralizing epitopes 
that are faithful structural mimics of the tar- 
get pathogen, which are often complex three- 
dimensional surfaces (17). Disruption of these 
epitopes could not only limit the activation 
of B cells with the capacity to produce neu- 
tralizing antibodies, but might also create 
distracting de novo epitopes irrelevant for 
protective immunity. It has been reported 
that model protein antigens can be rapidly 
proteolyzed as they reach the subcapsular 
sinus (SCS) of lymph nodes (LNs), and this 
antigen cleavage was linked to protease ac- 
tivity in serum and interstitial fluid (72). Such 
pathways of antigen breakdown might at 
least partially explain the substantial propor- 
tion of B cells that enter GC reactions but do 
not detectably bind to the immunizing anti- 
gen (7, 9). 

By contrast, several lines of evidence suggest 
that antigen trapped on dendrites of follicular 
dendritic cells (FDCs) may remain intact over 
extended time periods. Early studies showed 
that FDC-bound antigen recovered from LNs 
after 12 weeks could be recognized by epitope- 
sensitive monoclonal antibodies (mAbs) and 
were eluted in size-exclusion chromatography 
in amanner suggesting gross antigen integrity 
(73). HIV virions deposited on FDCs in mice 
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can be extracted from LNs and functional 
viral particles recovered over several months, 
although the quantitative proportion of par- 
ticles that are infective is not clear (/4). FDCs 
have also been shown to cyclically internal- 
ize and recycle trapped antigen, which may 
protect it from extracellular degradation (15). 
These data collectively suggest that the follicles, 
and the FDC networks in particular, may be 
sites within LNs where antigens are protected 
from degradation, whereas regions such as 
the sinuses may be areas of high proteolytic 
activity. To our knowledge, however, the nature 
of protease activity in lymphoid organs has 
not been studied, and how antigen proteol- 
ysis affects the immune response to vaccines 
is poorly understood. 

To shed light on the fate of antigens during 
the primary immune response, we developed 
a FRET-based approach to track the integrity of 
antigens after subunit vaccine immunization 
and analyzed the spatial pattern of protease 
expression and activity in LNs. Unexpectedly, 
we found a pronounced spatial variation in 
protease activity, with high levels of antigen 
breakdown and protease expression in extra- 
follicular regions of mouse and human lym- 
phoid tissues, but low levels of protease activity 
and high retention of antigen integrity over 
time within the FDC network of B cell folli- 
cles. Prompted by these findings, we eval- 
uated the impact of antigen localization on 
the specificity of GC B cell responses, and 
found evidence that FDC-targeted protein 
immunizations achieve substantially greater 
proportions of antigen-specific B cell responses 
targeting conformationally intact epitopes 
compared with traditional bolus vaccination. 


RESULTS 

Monitoring antigen integrity using FRET analysis 
To investigate vaccine antigen stability after 
immunization, we labeled immunogens with 
paired small-molecule dyes capable of under- 
going fluorescence resonance energy transfer 
(FRET) to detect gross disruptions of antigen 
structure in situ in tissues. We hypothesized 
that antigen proteolysis would lead to the sep- 
aration of FRET donor and acceptor dyes, 
lowering FRET signals in proportion to the 
degree of antigen degradation, a process that 
can be tracked by microscopy or flow cytom- 
etry (Fig. 1A). For microscopy-based analysis, 
we used the acceptor photobleaching method 
(16), in which the emission of a donor dye (Cy3) 
is measured before and after the bleaching 
of an acceptor dye (Cy5) to monitor antigen 
integrity (fig. S1A). This technique avoids com- 
plications of donor and acceptor excitation 
and emission cross-talk because only the donor 
emission is analyzed, and it is independent 
of dye concentrations and ratios. As a test 
case, we first focused on the clinical vaccine 
candidate eOD-GT8 60mer (eOD-60mer), an 
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Fig. 1. FRET-based analysis of antigen integrity reveals spatially compart- 
mentalized antigen degradation in LNs. (A) Schematic of eOD-60mer 
labeled with donor and acceptor dyes to track antigen integrity by FRET. 

(B to D) FRET analysis of eOD-60mer,o integrity after trypsin digestion 

(n = 3 samples/time point). Shown are representative E histograms and 
mean E values (B), proportion of intact eOD-60mer4, based on FRET versus 
SDS-PAGE (C), and VRCO1 mAb binding to digested eOD6-mergg versus 
FRET-measured proportion of intact eOD60-merag (D). (E to G) C57BL/6 mice 
(n = 4 animals/group) were immunized with 10 pg of eOD-60mera, and 5 pg of 
saponin adjuvant. At the indicated time points, LNs were flash frozen and 
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sectioned. (E and F) Representative images of eOD-60mer49 within the SCS 
[Outside Follicles” (E)] versus B cell follicles [“Inside Follicles” (F)]. Top images 
show antigen and CD35 staining; bottom images show intact or degraded antigens 
in the dashed boxes as false colors at higher magnification. Corresponding E 
histograms within dashed boxes are shown compared with intact eOD-60mer49 
coated on coverslips. “Day 3, Dyes on separate NPs” in (F) indicates mice 
immunized with saponin adjuvant and 5 pg of two different eOD-60mers, each 


label 


ed with only Cy3 or Cy5 dyes. Scale bars, 100 ym. (G) Mean fraction of 


intact eOD-60mergg at the indicated LN locations at different time points after 


immunization. Each point represents one region from one tissue section. 
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Data were collected from at least eight tissue sections from eight LNs. P values 
were determined by one-way ANOVA with Tukey's post test. (H and I) C5/BL/6 
mice (n = 4 animals/group) were immunized with 20 ug of anti-CD45 mAb 
conjugated to Cy5-labeled eOD monomer and 5 yg of saponin adjuvant. LN cells 
were isolated at 6 hours or 1 day after immunization, stained with VRCO1 mAb, 
and analyzed by flow cytometry. (H) Histograms of VRCO1 binding normalized to 


~30-nm-diameter protein nanoparticle (NP) 
presenting 60 copies of an HIV Env gp120- 
engineered outer domain (Fig. 1A). eOD-60mer 
is used as a priming immunogen to initiate 
CD4 binding site-directed broadly neutral- 
izing antibodies against HIV (17-21). This 
NP antigen accommodated labeling with at 
least 40 dyes per particle (~20 Cy3 and ~20 Cy5 
dyes, eOD-60mer, 9) without disrupting the 
binding of the broadly neutralizing antibody 
VRCO1 to the CD4-binding site epitope pre- 
sented by the eOD-GT8 immunogen (fig. SIB). 
This degree of labeling represents modifica- 
tion of only 3.5% of the total amino acids of 
the particle immunogen. We previously showed 
that after a primary immunization, mannose- 
binding lectin (MBL) present in serum binds 
to glycans densely displayed on the surface of 
the eOD-60mer, leading to subsequent com- 
plement deposition on the particles and traf- 
ficking of the antigen to FDCs in the LN (22). 
Complement binding to unmodified or dye- 
labeled eOD-60mer, 9 incubated in vitro in 
mouse serum was not statistically different (fig. 
S1C). eOD-60mer4, coated onto glass coverslips 
showed a high level of FRET on excitation at 
555 nm, but upon photobleaching of the Cy5 
dye, emission in the Cy3 donor channel in- 
creased by twofold (fig. SID). Such a change in 
Cy3 fluorescence was not observed for NPs 
labeled with only Cy3 or only Cy5, or when 
Cy3-labeled NPs were mixed with Cy5-labeled 
NPs and coated on coverslips together (fig. S1, 
E to H). These changes in acceptor emission 
before and after photobleaching can be quan- 
tified to determine the mean FRET efficiency 
(E) (see the materials and methods). Of im- 
portance for our subsequent application to 
frozen tissue sections, FRET signals of intact 
eOD-60mery,, as a fresh protein or after flash 
freezing were not statistically different (fig. 
S1, I and J). On the basis of these findings, we 
focused on NPs labeled with ~40 dyes total for 
further studies. 

To determine how F relates to the structural 
integrity of the particles, we calculated E dis- 
tributions of intact or trypsin-digested eOD- 
60mer4,. Proteolyzed eOD-60mer49 showed 
the development of breakdown products by 
gel electrophoresis (fig. SIK), which were ac- 
companied by a shift in the distribution of 
measured E values for the particles to lower 
values with increasing digestion time (Fig. 1B). 
The fraction of fully intact antigen as deter- 
mined by FRET (calculated as the proportion 
of material with an E£ value overlapping the 
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undigested control particle E distribution) was 
highly correlated to the fraction of intact anti- 
gen as measured by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) (Fig. 1C). VRCO1 
binding to eOD-60mer,, captured on ELISA 
plates also decreased with increasing trypsin 
digestion time, demonstrating that the loss of 
FRET signal was not due simply to particle 
disassembly (Fig. 1D). Altogether, these data 
suggest that FRET signals from labeled 60mer 
NPs effectively report on the retention of in- 
tact immunogen structure. 


Antigens are rapidly proteolyzed in the SCS and 
extrafollicular regions but protected in follicles 


We next used this FRET-based approach to 
analyze antigen integrity in vivo in mice after 
immunization. We previously reported that 
eOD-60mer initially accumulates in the SCS 
of draining LNs, but over the course of several 
days, NPs are trafficked to the FDC network of 
follicles in an MBL- and complement-dependent 
manner, where they are retained for more than 
a week (22). To assess the structural integrity 
of the NPs during this process, we immunized 
mice with eOD-60mer,, and a saponin-based 
adjuvant, and at various time points after im- 
munization, draining LNs were extracted, flash 
frozen, and cryosectioned for acceptor pho- 
tobleaching FRET analysis (fig. S2A). FRET 
efficiencies were converted to a measure of 
percent intact antigen by comparing F values 
measured in the tissue with that of control 
fresh antigen coated on glass coverslips. At 
early times (2 to 6 hours after immunization), 
eOD-60mer,,) accumulated in the SCS and 
could also be detected at very low levels in 
follicles or extrafollicular regions within the 
LN parenchyma (at roughly equal levels in 
these latter two locations; fig. S2, B and C). At 
later times, antigen continued to accumulate in 
the SCS, but over ~48 hours, antigen levels in 
the SCS decreased, whereas steadily increasing 
amounts were detected on FDCs (Fig. 1, E and 
F, and fig. S2, D and E). At very early times, 
most eOD-60mer,4, was intact regardless of its 
location (Fig. 1G). However, unexpectedly, we 
observed location-dependent patterns of anti- 
gen degradation developing over time. Nano- 
particles localized in the sinus or interfollicular 
regions of the LN exhibited a substantial loss 
in EF between 6 and 48 hours (Fig. 1E, “outside 
follicles”). By contrast, eEOD-60mer4, localized 
within the FDC network of follicles at the same 
time points exhibited high E values (Fig. 1F, 
“inside follicles”). Quantification of the pro- 
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eOD monomer-Cy5 signal showing gating on T cells or B cells. Vertical dashed 
lines indicate the mean fluorescence intensities of intact eOD-anti-CD45 freshly 
bound to splenocytes in vitro (positive control) versus cells analyzed in the 
absence of VRCO1 (negative control). (I) Percentage of lymphocytes with intact 
eOD monomer as determined by VRCO1 binding. P values were determined by 
two-way ANOVA with Tukey's post test. All plots show mean + SD. 


portion of intact NPs from many LNs revealed 
that most eOD-60mer4, located outside of fol- 
licles was degraded within 48 hours, whereas 
70 to 80% of the antigen localized to the FDC 
network remained intact through at least 
7 days (Fig. 1G). Imaging of LNs from mice 
immunized with control mixtures of Cy3-eOD- 
60mer and Cy5-eOD-60mer showed negligi- 
ble FRET signals for FDC-localized antigens, 
suggesting that the sustained FRET signals 
observed for FDC-localized antigen were not 
due to interparticle FRET (Fig. 1G, “dyes on 
separate NPs”). To determine whether similar 
spatially distinct patterns of antigen degrada- 
tion are observed with a completely different 
antigen and nanoparticle carrier, we also 
imaged LNs after injection of FRET-labeled 
influenza hemagglutinin-ferritin nanoparticles 
(HA-NPs), representative of a class of NP vac- 
cine in clinical trials (23). These NPs also accu- 
mulated on FDCs over time (22, 24) (fig. S2, F 
and G), and like eOD-60mer, HA-NPs degraded 
rapidly in extrafollicular regions but were high- 
ly protected in follicles (fig. S2H). 

As an orthogonal measure of antigen in- 
tegrity, we stained LN sections with VRCO1 
antibody to detect 60mer with an intact CD4- 
binding site epitope, and this approach revealed 
similar results: eEOD-60mer in the SCS showed 
a high level of VRCO1 staining at 6 hours after 
immunization, but this staining was almost 
completely lost by 48 hours for material out- 
side of the FDC network (fig. S3, A and B). By 
contrast, NP antigen localized to FDCs retained 
VRCO1 staining even at 3 days after immuni- 
zation (fig. S3, A and B). Loss of VRCO1 staining 
in extrafollicular sites was not due to an early 
antibody response blocking the epitope be- 
cause the same loss in VRCO1 binding was ob- 
served in LNs from B cell receptor-transgenic 
MD4 mice, in which B cells express an antigen 
receptor specific for an irrelevant antigen (25) 
(fig. S3C). 

It was unclear whether the retention of 
eOD-60mer integrity reflected a specific pro- 
tective activity of FDCs or of the follicles in 
general. To answer this question, we devised 
an approach to target antigen into both fol- 
licles and the paracortex simultaneously. Anti- 
bodies to CD45 bind to lymphocytes and remain 
cell surface localized for multiple days (26). We 
exploited this biology to target eOD to the sur- 
faces of T cells and B cells in LNs by conjugating 
dye-labeled monomeric eOD to an anti-CD45 
mAb (fig. S4A). The antibody conjugate effi- 
ciently labeled CD45* LN cells in vitro, and a 
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flow cytometry-based fluorescence quenching 
assay (27) showed that >90% of the conjugate 
bound to the cells was extracellular (fig. S4, B 
to E). Mice were immunized with Cy5-labeled 
eOD-anti-CD45 and saponin adjuvant, and LNs 
were collected 6 hours or 1 day later for anal- 
ysis. Approximately half of all B cells and T cells 
were found to be labeled by the Ab conjugate 
in this time course (fig. S4, F and G). A portion 
of these cells were stained with an anti-Cy5 
antibody, and the ratio of anti-Cy5 (surface- 
bound eOD) to Cy5 signals (total eOD) revealed 
that most antigen was extracellular on both 
T and B cells at both time points (fig. $4, H 
and I). By staining another portion of the cells 
with VRCO1 antibody and quantifying the ratio 
of VRCO1 (intact CD4-binding site) to Cy5 sig- 
nal (total eOD) compared with cells freshly 
labeled in vitro showed that ~80% of B cells 
carried eOD with an intact CD4-binding site 
at 6 hours, and this remained unchanged at 
24 hours (Fig. 1, H and I). By contrast, eOD 
bound to T cells already trended toward a lower 
level of intact CD4 binding site at 6 hours, and 
T cell-bound eOD was 50% degraded by 1 day 
(Fig. 1, H and I). Thus, both FRET and antibody 
staining analyses suggest that antigens are 
rapidly degraded as they enter the SCS, inter- 
follicular regions, and paracortex, but antigen 
localized to follicles, whether bound to FDCs or 
not, is protected from rapid proteolysis. 


Metalloproteinases are expressed by sinus-lining 
and stromal cells and contribute to rapid 
extrafollicular antigen degradation 


High-magnification imaging of LNs stained 
to identify cell membranes 24 hours after 
immunization revealed pockets of antigen 
localized in the interstices between cells, and 
FRET imaging showed that this antigen was 
degrading, suggesting a role for extracellular 
proteolysis (Fig. 2A). To quantify intracellular 
versus extracellular antigen breakdown in 
whole LNs, we developed an antigen pull-down 
assay, in which FRET dye-labeled antigens in 
the supernatants of mechanically disrupted LNs 
or lysates of isolated LN cells were captured on 
anti-Cy3/Cy5-conjugated beads, followed by 
flow cytometry-based FRET measurements 
(Fig. 2B). For this analysis, cells were excited 
at the donor dye wavelength and acceptor dye 
emission was collected, and this FRET signal 
was normalized by the total fluorescence ob- 
tained from exciting the acceptor and col- 
lecting its emission (fig. S5A). Total antigen 
recovered was quantified in parallel by mea- 
suring Cy5 fluorescence, calibrated by beads 
loaded with known quantities of Cy5-labeled 
eOD-60mer (fig. S5, B and C). These analyses 
revealed that the total amount of recover- 
able antigen dropped by 31-fold over 2 days, 
and at days 1 and 2, nearly equal proportions 
of antigen were extracellular versus intra- 
cellular (Fig. 2C). Focusing on the 6-hour and 
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1-day time points, when sufficient antigen 
was recovered for robust analysis, FRET sig- 
nals showed that extracellular and intracellular 
antigen both underwent substantial degrada- 
tion in this time frame (Fig. 2D and fig. S5D). 
Thus, extracellular and intracellular degrada- 
tion contribute approximately equally to anti- 
gen clearance. 

We next sought to determine factors gov- 
erning extracellular antigen degradation. As 
shown by FRET analysis, eOD-60mer,4 9 incu- 
bated with mouse lymph or plasma in vitro 
remained intact (Fig. 2E). Thus, we examined 
the extracellular or secreted proteases ex- 
pressed by LN cells by reanalyzing a single-cell 
RNA sequencing (scRNA-seq) dataset recently 
collected from LNs of naive or immunized 
mice. We found >30 genes encoding extra- 
cellular or secreted proteases expressed in 
one or more LN cell types, predominantly in 
stromal cells and myeloid cells (Fig. 2E). Be- 
cause we observed substantial antigen degra- 
dation at the SCS, we focused on sinus-lining 
SCS macrophages and lymphatic endothe- 
lial cells (LECs) (Fig. 2F). The most highly 
expressed genes in SCS macrophages (in both 
naive and vaccinated mice) included MmpI/4, 
Adami7, and Adam10, which encode metal- 
loproteinases. We focused our attention on 
these three proteases because they were also 
expressed by LECs and were generally the 
most broadly and/or highly expressed across 
multiple cell types in the LN. Mmp9 was also 
notable as the most highly expressed protease 
in LECs. Our dataset lacked FDCs, but we ana- 
lyzed two published LN stroma scRNAseq 
datasets that included these cells (28, 29). 
Consistent with our observations of limited 
antigen degradation in follicles, FDCs expressed 
very low to minimal levels of extracellular pro- 
teases compared with LN fibroblasts or LECs 
(fig. S5, E and F). 

Immunohistochemistry analysis of ADAM17, 
ADAM10, MMP14, and MMP9 protein expres- 
sion revealed high levels of these proteases 
along the subcapsular and medullary sinuses 
and within isolated regions in the interior of 
both resting and immunized LNs (Fig. 3A and 
fig. S6, A and B). By contrast, the FDC network 
and its immediate vicinity showed low levels of 
all four proteins. Consistent with the scRNAseq 
data, all three proteases partially colocalized 
with CD169* and LYVE1* cells, as shown by 
immunohistochemistry (Fig. 3B and fig. S6, 
C and D). We also examined the expression 
patterns of these proteases in human lymphoid 
tissues. Human tonsil tissue sections showed 
prominent ridges of ADAM17, MMP9, and 
MMP14 expression, with more scattered ex- 
pression of ADAM10 (fig. S6E). However, 
CD35" follicles were largely devoid of all four 
proteases. 

In vitro, the top three sinus-expressed pro- 
teases, ADAM17, ADAM10, and MMP14, all 
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degraded eOD-60mery4o, although the FRET 
profile somewhat differed, likely due to unique 
patterns of cleavage for each metalloprotease 
(fig. S7A). We thus examined the relative lo- 
calization of these proteases and degrading 
antigen in the sinuses. Six hours after injection, 
eOD-60mer,4,) was predominantly colocalized 
with CD169* macrophages, followed by LYVE1* 
LECs and other cell types not identified by these 
two markers (fig. S7, B and C). The 60mer also 
showed substantial colocalization with ADAM17, 
ADAM1O0, and MMP14 (fig. S7D). Using high- 
magnification FRET imaging on immuno- 
stained LN sections, we found that ~60% of 
degraded eOD-60mery4, colocalized with at 
least one of these three metalloproteinases 
at 24 hours after immunization (Fig. 3C). 

To functionally test the role of extracellular 
protease activity in antigen breakdown, we 
prepared live vibratome sections of LNs iso- 
lated from mice 2 hours after immunization 
with eOD-60mer,4 9 (a time point when most 
antigen in the LN is still intact) and incubated 
tissue slices in the presence or absence of pro- 
tease inhibitors. In LN slices cultured without 
inhibitors, eOD-60mer degradation proceeded, 
with ~60% of antigen intact relative to the 
starting material after 6 hours, whereas LNs 
cultured with the metalloproteinase-specific 
inhibitor marimastat reduced this degradation 
by ~50% (Fig. 3D). Moreover, media contain- 
ing marimastat supplemented with a broad- 
spectrum protease inhibitor cocktail did not 
yield significantly more intact antigen (Fig. 
3D). We next treated mice with marimastat 
before and during immunization with eOD- 
60mer,4 9. AS shown in Fig. 3E, marimastat 
treatment led to a 40% increase in the total 
amount of intact extracellular antigen recov- 
ered by our antigen pull-down assay 24 hours 
after immunization compared with vehicle con- 
trol. In parallel, microscopy-based FRET analysis 
of LN sections similarly showed that signif- 
icantly more eOD-60mery4, was intact within 
the SCS after marimastat treatment (Fig. 3E). 
Collectively, these data suggest that proteases, 
particularly metalloproteinases, contribute 
to rapid extrafollicular antigen breakdown 
in LNs. 


Extracellular protease activity is enriched in 
sinus-lining macrophages and stromal 
cells but low within follicles 


We next sought to understand why antigen 
localized to FDCs was protected from prote- 
olysis. We observed low staining of ADAM17, 
ADAM10, and MMP14 in follicles, but this data 
could not rule out expression of other pro- 
teases in the vicinity of FDCs. We thus used 
an imaging zymography approach to visual- 
ize protease activity more comprehensively 
on live tissue sections (Fig. 4A) (30). Live 
LN vibratome sections were incubated with 
two fluorescent peptide probes. The first, an 
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Fig. 2. After immunization, a significant proportion of antigen remains 
extracellular and is degraded over time, correlating with the expression of 
ADAM and MMP proteases by macrophages and stromal cells in the LN. 
(A) C57BL/6 mice were immunized with 5 pg of saponin adjuvant and 10 yg of 
eOD-60mer4g and harvested 1 day later for sectioning and confocal imaging. 
Two representative extrafollicular regions are shown stained with the cell 
membrane dye CellMask Green (left panels) and an overlay of false color binary 
FRET images indicating intact (blue) and degraded (red) eOD-60merag (right 
panels). Scale bars, 10 pm. (B to D) C57BL/6 mice were immunized as in (A) 
and draining LNs were isolated (n = 3 pools/time point, with each pool 
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containing four LNs from two mice) for measurement of extracellular versus 
intracellular antigen quantity and integrity by flow cytometry-based FRET 
analysis. Shown are a schematic illustrating the workflow for antigen pull-down 
assay (B), total mass of antigen recovered from whole LN (C), and percentage 
of intact antigen (D) retrieved at the indicated time points after immunization. 


> 


ns, not significant; *q < 0.05; ****q < 0.0001 by tw 
(D) with two stage step-up method to correct for fa 


o-way ANOVA for (C) and 
se discovery rate during 


multiple comparisons. (E) FRET analysis of eOD-60merao integrity after 
incubation with 10% diluted plasma or lymph from naive C57BL/6 mice or 
trypsin at 37°C (n = 3 replicates/group). P values were determined by one-way 
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ANOVA followed by Tukey's post test. (F and G) scRNAseq analysis of protease 
expression in LNs from naive C5/BL/6 mice or mice immunized 6 hours 
earlier with ovalbumin peptide and CpG. (F) Heatmap of average normalized 
expression of extracellular protease genes in single cells across LN cell types in 


activatable zymography probe (AZP), is com- 
posed of a 5-carboxyfluorescein dye linked 
to a cationic polyarginine (polyR) peptide, 
followed by a broad-spectrum protease-cleavable 
substrate sequence and an anionic polyglutamic 
acid (polyE) peptide that complexes with the 
polyR sequence. When proteases cleave the 
substrate site of the AZP, the polyR sequence is 
freed and electrostatically binds to nearby cells, 
labeling the site of protease activity (Fig. 4A). 
The AZP selected was cleaved by metallopro- 
teinases including ADAM17, ADAM10, and 
MMP14, as well as aspartic and cysteine pro- 
tease cathepsins reported to be extracellular- 
ly active and expressed by immune cells (fig. 
S7E) (30-32). A second control probe, a Cy5- 
conjugated polyR peptide, provides a map of 
overall electrostatic-binding sites in the tis- 
sue. Tissue areas labeled with both probes 
identify proteolytically active sites, whereas 
locations labeled by the control peptide but 
not the AZP indicate areas devoid of protease 
activity. 

Confocal imaging of LN tissue sections 
from naive or immunized animals showed 
AZP labeling of discrete cells across the entire 
tissue, with particular concentrations of pro- 
tease activity at the SCS, except within the 
immediate vicinity of the FDC networks (Fig. 
4B and fig. S7F). Incubation of LN sections with 
a control uncleavable D-isomer form of the 
same AZP peptide sequence showed substan- 
tially lower fluorescence signal, suggesting that 
AZPs were not internalized and required extra- 
cellular proteolysis to bind to cells (fig. S7, G 
to I). Quantification of AZP signal within FDC 
regions versus adjacent LN tissue revealed sub- 
stantially lower protease activity in the follicles 
of both resting and immunized LNs (Fig. 4C). 

Flow cytometry analysis of single cells ex- 
tracted from polyR- and AZP-treated LN sections 
revealed that 80% or more of all lymphocyte 
and stromal cell populations examined were 
positive for control polyR binding (fig. S8, A 
to C) (33). Gating on cells positive for polyR 
binding (indicating sufficient binding sites 
for AZP-based protease detection), we found 
that neutrophils, SCS macrophages, and fibro- 
blastic reticular cells had the highest levels 
of AZP binding above background labeling 
by D-isomer control AZP in both immunized 
(Fig. 4, D and E, and fig. S8D) and resting 
LNs (fig. SSE). All macrophage subsets exam- 
ined (CD169*CD11b"F4/80!” subcapsular; 
CD169*CD11b'’ F4/80' interfollicular; and 
CD169°*F4/ son medullary macrophages) had 
some proportion of AZP* cells, but SCS macro- 
phages showed the most prominent protease 
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activity (Fig. 4, D and E, and fig. S8D). Lymphatic 
endothelial cells (LECs), DCs, and monocytes 
also exhibited lower but clearly detectable 
protease activity, whereas FDCs, B cells, and 
T cells showed very low levels of AZP labeling 
(Fig. 4, D and E). 

We next assessed other potential mecha- 
nisms of antigen protection within follicles. 
Because eOD-60mer is recognized by MBL 
and becomes complement decorated in the 
presence of serum, it seemed possible that 
MBL and/or complement binding might have 
a shielding effect by blocking proteolytic at- 
tack on FDC-localized antigen. However, in 
an in vitro trypsin digestion assay, eEOD-60mer 
was proteolyzed with destruction of the VRCO1 
epitope regardless of serum-derived MBL or C3 
binding on the NP surface (fig. S9A). A second 
possibility was that antibodies produced very 
early after immunization form immune com- 
plexes to sterically inhibit protease attack, or 
that FDCs capturing immune complexes rap- 
idly internalize and recycle it on their den- 
drites, providing a degree of protection from 
protease exposure in the follicles. We immu- 
nized MD4 mice in which B cells transgeni- 
cally express an antigen receptor specific for 
an irrelevant antigen with eOD-60mer,,, and 
found that antigen localized to FDCs after 
2 days was largely nondegraded, which was 
similar to what we found in wild-type mice, 
suggesting that antigen protection is not me- 
diated by antibodies at least during these early 
time points (fig. SOB). 

To assess whether FDCs could protect anti- 
gen in the face of artificially enforced protease 
activity in follicles, we immunized mice with 
eOD-60mer,, and adjuvant, extracted LNs 
3 days later, when antigen was concentrated 
on the FDC networks, and incubated live LN 
slices with trypsin or recombinant matrix 
metalloproteinase 9 (MMP9) to expose FDC- 
localized antigen to protease attack. Both tryp- 
sin and MMP9 treatment led to a significant 
loss of intact eEOD-60mer within 4 hours, sug- 
gesting that antigen localized to FDCs is not 
intrinsically protease resistant (Fig. 4, F and 
G). To determine whether low protease activity 
in follicles was important for the retention of 
intact antigen in vivo, we devised a strategy to 
introduce active extracellular proteolysis adja- 
cent to FDCs. For this, polyclonal B cells were 
transduced to express a constitutively active 
form of MMP9 (34), together with mNeonGreen 
as a reporter or mCherry reporter only as a 
control (fig. S10, A to D), and injected intra- 
nodally into mice that had been immunized 
2 days earlier with eOD-60mer4 (Fig. 4H). Two 


27 January 2023 


immunized mice. (G) Normalized expression levels of the most highly expressed 
proteases in SCS macrophages and LECs arranged in descending order of 
average expression; protease genes with an average expression value >0.1 are 
included. All plots show mean + SD. 


days after B cell transfer, LNs were recovered 
for FRET imaging. As shown in Fig. 41, engi- 
neered B cells dispersed into follicles in and 
around the FDC networks. Image analysis re- 
vealed that transfer of MMP9-expressing B cells 
led to 65% less antigen retained on FDCs after 
2 days (Fig. 4, J and K), and that 37% less of the 
retained antigen was intact (Fig. 4L). There- 
fore, although additional factors may play a 
role, the lack of active protease activity in the 
vicinity of FDCs appears to be an important 
contributor to the long lifetime of immunogens 
captured in the FDC networks. 


Antigen localization to FDCs selectively 
enhances B cell responses to intact antigen 
but not breakdown products 


We hypothesized that rapid antigen degrada- 
tion in extrafollicular regions of the LN could 
limit responses to the intact antigen, whereas 
rapid delivery of antigen to FDCs might en- 
hance responses to the native immunogen. To 
test this idea, we performed experiments using 
a stabilized HIV Env gp14.0 SOSIP trimer called 
N332-GT2 (35) in soluble trimer and protein 
nanoparticle forms. Labeling conditions were 
identified (six dyes per trimer on average, 
trimerg,) that allowed for FRET tracking of 
N332-GT2 integrity with minimal perturba- 
tion of the antigenicity profile of the trimer 
(fig. S11A). Similar to our findings with eOD- 
60mer, the £ of protease-treated trimer, was 
highly correlated with the proportion of in- 
tact antigen, as determined by PAGE analy- 
sis in vitro (fig. S11, B to D). Loss of FRET 
signal also correlated with reduced binding 
of structure-sensitive antibodies (fig. S9E). 
Concomitantly, antibodies that recognize epi- 
topes of the gp120 inner domain buried in 
the interior of properly folded trimers bound 
to trypsin-digested trimer, (fig. S9E). The 
trimer was stable in serum or lymph for at 
least 48 hours, although it was degraded by 
trypsin or recombinant MMP9 (fig. S9F). This 
trimer was also produced as an NP by fusion 
of the trimer sequence with ferritin subunits 
(abbreviated trimer-NPs) (35). For N332-GT2 
nanoparticles, 40 dyes could be conjugated to 
each particle (trimer-NP,,.) without affecting 
the binding of trimer structure-specific mAbs 
(fig. S9G). 

We first examined the localization and in vivo 
stability of trimers and trimer-NPs after immu- 
nization (Fig. 5A). We previously showed that 
ferritin-based trimer-NPs are rapidly transported 
to FDCs through the same MBL/complement 
pathway as the eOD-60mer immunogen, where- 
as soluble trimer distributes more diffusely in 
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Fig. 3. Metalloproteinases A ADAM17 Isotype 
are expressed by sinus- en 

lining cells and contribute 
to rapid antigen degra- 
dation in LNs. (A and 

B) Resting LNs from 
C57BL/6 mice (n = 3 
animals/group) were flash 
frozen and cryosectioned. 
(A) Anti-CD35 (green) 
and anti-metalloproteinase 
or isotype control mAbs 
(magenta) staining 
of LN sections and 
magnified views of the 
ed dashed regions of 
interest. Scale bar, 
200 um. (B) Magnified 
images of the SCS stained 
or CD169* macrophages 
(left column) or LYVE1* 
LECs (right column) and 
the indicated proteases. 
Scale bar, 20 pm. 2 pininace 
(C) C57BL/6 mice 

(n = 3 animals) were B 
immunized with 5 yg of * \ Degraded 60mer with Protease 
saponin adjuvant and ; : 
0 ug of eOD-60meryo. 
After 24 hours, LNs were 
harvested, sectioned, 

and collectively stained for 
ADAM10, ADAMI17, and 
MP14 before FRET 
imaging. Two representa- 
ive SCS regions showing 
protease expression, 
eOD-60mer localization, 
and false color overlay of 


ADAM10 


Protease 


Site 2 


ADAM10 LYVE1 


% e 
Protease 
Degraded 60mer with Protease 


proteases (white), total MMP14 LYVE1 
degraded antigen (green), 
and degraded antigen D E immunization eat 

"i S * c oO i 
colocalized with proteases a aon oo 
(red) are shown. Scale 5 4 id | i= < 0.8 ; 

Ss F e e 
bar, 20 um. Bottom graph = 1.0 ve yet, Day -4 to 0 DayO Day1 SA o6 i 
quantifies degraded % (0.87 gfe Sess seis eae Bit 
; £ “3 25 5 1.0 OS $ 
e0D-60mer colocalized © 064 => at a 8 : 8 04 
with metalloproteinases. 2 04 t . = 20 ee {08 4 33 
2 *f & 15 S06) ae ° pa 2 

Each point represents Bo27 *¢ = == £06} gp £5 
one region, and data were ro @ 10 © 0.4) Bes = 8 0. 
collected from at least Marimastat - Bs Sool ° ° Metallo- 
a aps : £ © ° Proteases 
six tissue sections from Broad Spectum: “= ek i © oa 
‘ : Inhibitor T T H T T 
six LNs. LN boundaries are ve Mari VC Mari 
indicated by white (A), 
green (B), or yellow (C) dashed lines. (D) C57BL/6 mice (n = 3 animals/group) were immunized as in (C) and LNs were collected after 2 hours before vibratome 
slicing. Live LN slices were left untreated or incubated in marimastat (Mari) with or without broad-spectrum protease inhibitors for 6 hours ex vivo before FRET 


imaging. Each point represents one region, and data were collected from at least 10 tissue sections from six LNs. P values were determined by one-way ANOVA with 
Tukey's post test. (E) C57BL/6 mice were treated with Mari for 5 days and then immunized as in (C), and LNs were analyzed 24 hours afterward by pull-down assay 
(n = 3 pools/group, each pool containing four LNs from two mice) or FRET imaging (n = 3 animals/group). Shown are Mari or vehicle control (VC) dosing and 
immunization schedule (top panel), intact extracellular antigen recovered by pull-down assay (lower left panel), and FRET imaging analysis for intact antigen (bottom 
ight panel). Each point represents one region for FRET imaging, and data were collected from at least six tissue sections from six LNs. P values were determined 
by Student's t test. All plots show mean + SD. 
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Fig. 4. Protease activity 
is spatially heteroge- 
neous in LNs, with high 
levels in the SCS and 
low activity in B cell 
follicles. (A) Schematic 
illustrating AZPs and 
protease activity. 

(B to E) Live LN slices 
from C57BL/6 mice 

(n = 3 animals/group), 
either naive or immunized 


Tigsue Section 


AZP binds to sertace with protease activity 
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Immunized LN 
icles 


rm 
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Ke) 
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Control Probe binds to all allowable surface 


with eOD-6Omer and 

5 ug of saponin adjuvant, 
were incubated with AZP 
and control probes. 

(B) Confocal microscopy 
of LN slices (left) showing 
AZP* cells (green), 

CD35* FDCs (blue), and 
magnified views (right) 

of the boxed regions 
“Inside Follicles” or 
“Outside Follicles.” Insets 
show control polyR 

probe binding (magenta). 
White contours denote 
follicles. (C) Quantification 
of AZP binding inside 
follicles versus outside 
follicles. Each point repre- 
sents one LN section 
collected from a total of 
11 to 13 sections from 

six LNs. P values were 
determined by Student's 
t test. (D) Representative 
flow histograms of AZP 
and D-isomer probe 
staining for cells from 
immunized (Imm) or 
resting (Naive) LNs. 
Dashed lines denote AZP* 
and AZP populations. 

(E) Quantification of AZP* 
cells. P values were 
determined by one-way 
ANOVA with Dunnett's 
post test against FDCs. 
(F and G) C57BL/6 mice 
(n = 3 animals/group) 
were immunized with 5 pg 
of saponin adjuvant and 

0 ug of eOD-60mergo. 
Live LN slices were generated 3 days later and incubated wi 
intact antigen on FDCs based on FRET imaging (G). White 
Data were collected from at least six tissue sections from 
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six LNs. P values were determined by one-way ANOVA with Dunnett's post test against untreated sections. 


(H to L) C57BL/6 mice (n = 3/group) were immunized as in (F) and 2 days later, MMP9- or mCherry-expressing polyclonal B cells were adoptively transferred. (H) Timeline 
ransduction, adoptive transfer, and analysis. (I) Images of transferred MMP9* (left panel) and mCherry* control B cells (right panel) near FDCs bearing 
e0D-60mer4, Scale bar, 100 pm. (J to L) Image analysis for total eOD-60merao in the follicle (J), fraction of FDC network with eOD-60mer4, (K), and integrity of 


by Student's t test. All plots show mean + SD. 
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Fig. 5. Immunizations A Bolus, Trimer Bolus, Trimer-NP ED, Trimer 
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FDC FDC FDC FDC 


LNs before clearance (22, 36). Here, bolus- 
injected soluble trimerg or trimer-NP49 were 
detected in the SCS for up to 2 days, but 
trimer-NP4 also accumulated on FDCs starting 
2 days after immunization (Fig. 5B). We also 
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tested an “escalating-dose” (ED) immuniza- 
tion (10, 37), giving the same total trimer¢/ 
adjuvant dose but administered as seven injec- 
tions of increasing dose over 2 weeks (Fig. 5A). 
ED immunization is another approach that 
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promotes antigen deposition on FDCs through 
immune complex formation as the dosing pro- 
gresses (10, 37). Two days after the last ED 
injection (day 14) of trimerg, substantial antigen 
was localized on the FDC network (Fig. 5B). 


9 of 19 


RESEARCH | RESEARCH ARTICLE 


Flow cytometry analysis of LNs pooled from 
multiple mice revealed that FDCs were by 
far the major cell type where antigen accumu- 
lated after immunization (Fig. 5,C and D, and 
fig. S12A), and trimer-NP or ED immunizations 
increased the amount of FDC-trapped antigen 
by 24-fold and 120-fold over bolus immuni- 
zation, respectively (Fig. 5E). FRET analysis 
indicated that substantial portions of extra- 
follicular antigen (60% of trimer and 80% of 
trimer-NP) were degraded within 2 days, where- 
as trimer-NP4. or ED-administered trimerg 
localized to FDCs remained predominately 
intact (Fig. 5F). Thus, immunization with HIV 
Env trimers using ED or nanoparticle regi- 
mens promotes follicular targeting and in- 
creases the level of intact antigen retained 
within the LN. 

Bolus immunization with trimer-NP or ED 
immunization with trimer led to increased 
total numbers of GC B cells compared with 
bolus trimer immunization, by 8- and 27-fold, 
respectively (Fig. 6, A and B). Staining with 
N332-GT2 trimer probes to identify cells ca- 
pable of binding to the intact antigen at day 14 
revealed ~200-fold and ~40-fold increases in 
the number of GC B cells specific for the intact 
trimer after ED immunization and trimer-NP 
immunization, respectively, compared with 
bolus trimer injection (Fig. 6B). Trimer probe 
staining of GC B cells from mice immunized 
with an irrelevant antigen, ovalbumin, showed 
low background staining (Fig. 6B). The pro- 
portion of trimer-specific GC B cells after bolus 
trimer vaccination remained relatively constant 
through 21 days after immunization and never 
reached the levels primed by trimer-NP or ED 
vaccination (fig. S12B). 

We also investigated the frequency of GC 
B cells reacting to trimer breakdown products 
by staining GC B cells with HR1, C1, or V3 loop 
peptide probes, representing epitopes buried 
in the intact trimer (Fig. 6, C and D, and fig. 
$12C). Fourteen days after immunization, low 
but statistically significant levels of GC B cells 
recognizing the C1 and V3 epitopes were de- 
tectable after bolus trimer immunization (Fig. 
6D and fig. S12C), and collectively more B cells 
targeted these three breakdown product epi- 
topes than intact trimer (Fig. 6E). Trimer-NP 
and ED immunizations greatly amplified the 
on-target GC B cell response against intact 
trimer, but had minimal effect on the magni- 
tude of GC responses targeting breakdown 
product epitopes (Fig. 6D and fig. S12C). Fur- 
ther, compared with bolus trimer immuniza- 
tions, NP or ED yielded 1000-fold higher serum 
immunoglobulin (IgG) titers recognizing the 
intact trimer 3 weeks after immunization 
(Fig. 6F and fig. S12D). Low titers against intact 
trimer observed after bolus trimer immuniza- 
tion were of the same order of magnitude as 
responses to the HR1/C1/V3 breakdown prod- 
uct epitopes (Fig. 6F and fig. $12D). 
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To determine whether having a low level 
of protease activity in follicles is important 
for the efficacy of FDC-targeting immuniza- 
tions, we again adoptively transferred MMP9- 
expressing polyclonal B cells to introduce 
protease activity into the follicles. MMP9- 
expressing or control mCherry-expressing 
B cells were injected intranodally 2 days after 
immunization with trimer-NPs, and 12 days 
later, GC responses were analyzed (Fig. 6G). 
As shown in Fig. 6, H and I, introduction of 
MMP9* B cells did not affect the total GC 
response, but GC B cells binding to the intact 
trimer were reduced by sevenfold, and HR1 
peptide-binding cells were increased by about 
twofold. Thus, low protease activity in follicles 
is important for optimal on-target B cell re- 
sponses to FDC-targeted antigens. 

Enhancements in GC responses targeting 
the intact immunogen elicited by NP or ED 
immunization likely reflect, in part, the fact 
that GC B cells are encountering antigen ina 
multivalent form (either the NP or as immune 
complexes in the case of ED immunization) 
and/or costimulatory effects of complement 
decorating the antigen with these immuniza- 
tions. To test the impact of FDC localization 
in the absence of these additional factors, we 
performed immunizations targeting mono- 
meric eOD antigen to FDCs by creating a fusion 
of eOD and an anti-CD35 ScFv (aCD35-eOD) or 
an isotype control ScFv (Iso-eOD) (fig. S12E). 
aCD35-eOD accumulated on FDCs within 
2 days after immunization, whereas isotype- 
eOD remained localized primarily in the sinus 
and extrafollicular regions (Fig. 6, J and K). 
Immunization with aCD35-eOD elicited about 
fourfold more total GC B cells and about nine- 
fold more eOD-specific GC B cells than Iso-eOD 
(Fig. 6, L and M, and fig. S12, F and G). More- 
over, serum IgG titers at 21 days after injection 
were 11-fold higher for the FDC-targeted anti- 
gen (Fig. 6K and fig. S12G). Therefore, FDC 
localization can have a substantial impact on 
the priming of B cells against intact antigen 
structures even for monomeric antigens. 


Discussion 


Elicitation of protective antibody responses by 
vaccination is predicated on the activation of 
B cells with antigen receptors that recog- 
nize protective epitopes present on a targeted 
pathogen. Elegant advances in protein engi- 
neering have led to the generation of vaccine 
immunogens that faithfully mimic native viral 
envelope proteins and exhibit greatly enhanced 
structural stability relative to the native antigens 
(11, 38). However, despite the critical importance 
of immunogen structure to the specificity of 
the resulting immune response, the lifetime of 
structurally intact antigen in vivo after immu- 
nization is poorly understood. Here, we applied 
a FRET imaging-based approach to track the 
fate of protein immunogens in mice, and made 
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several important findings. First, we found that 
LN protease activity is spatially heterogeneous, 
with high protease levels and activity found in 
stromal cells and macrophages, especially in 
the sinuses, but low levels of protease activity 
in B cell follicles. Second, consistent with this 
observation, antigens arriving in the SCS and 
extrafollicular regions of LNs rapidly begin 
degrading, with significant losses in integrity 
within 24 to 48 hours. By contrast, immuno- 
gens localized to FDCs within this early time 
window remain largely intact and are preserved 
for more than a week. As a result of this spatial 
compartmentalization of protease activity, tra- 
ditional bolus immunization using soluble HIV 
envelope antigens, which does not efficiently 
deliver antigen to B cell follicles, led to weak GC 
B cell responses to the structurally intact im- 
munogen, which were matched in magnitude by 
responses against irrelevant breakdown pro- 
ducts. However, using immunizations that pro- 
moted antigen accumulation on FDCs, responses 
to intact antigen could be greatly amplified 
without concomitant increases in responses 
to off-target antigen breakdown products. 
We hypothesize that spatially heterogeneous 
protease activity within LNs is part of an evolu- 
tionary strategy to halt pathogen dissemination 
at draining LNs before systemic spread while 
preserving the ability to produce effective 
structure-specific antibodies if needed. In this 
concept, LNs serve a first line of defense func- 
tion as immediate pathogen filtration and 
elimination units, with adaptive immunity 
developing over time in parallel only if im- 
mediate microbe clearance cannot be achieved. 
This idea was first proposed in the setting of 
local viral or bacterial infections, in which 
draining LN innate immune responses were 
important for blocking systemic dissemination 
of pathogens (39). Extracellular LN protease 
activity may similarly contribute to attenu- 
ating infection, because it is known that metal- 
loproteases can inactivate some viruses (40, 41). 
However, the adaptive immune response also 
needs to be capable of “seeing” functional 
pathogen epitopes to generate useful antibody 
responses, motivating the necessity for a site 
where B cells can encounter intact antigen. 
Although protease activity in LNs is under- 
studied, antigen degradation within the SCS 
has been reported. Jenkins and colleagues 
observed that hen egg lysozyme conjugated to 
polymer microspheres could be cleaved and 
acquired by hen egg lysozyme-specific B cells 
within 4 hours of injection, which the authors 
ascribed to proteolytic activity in lymph (72). 
However, we found that incubation of eOD- 
60mer or stabilized HIV Env trimers in plasma 
or lymph resulted in minimal degradation of 
the antigens. Healthy peripheral lymph has 
been shown by proteomic analysis to contain a 
relatively narrow set of proteases, including 
collagenase type IV, carboxypeptidase B2, and 
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Fig. 6. Targeting of immunogens to FDCs amplifies GC B cell responses 
against intact antigens without increasing the response to antigen 
breakdown products. C5/BL/6 mice (n = 5 to 10 animals/group) were 
immunized with the indicated antigens and saponin adjuvant according to the 
dosing schemes. (A to E) LNs were harvested at day 14 for flow cytometry 
analysis. (A) Representative flow plots showing GC B cells (left) and their 
quantification (right). (B) Representative flow plots of intact trimer-specific GC 
B cells (left) and their quantification (right). *q < 0.05; **q < 0.01; ***q < 0.001 
by Kruskal-Wallis one-way ANOVA followed by two stage step-up method for 
comparison against bolus trimer. (C) Structural models of the HIV Env trimer 
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highlighting (in yellow) the location of the HR1, C1, and V3 peptides used as 
probes to identify breakdown product-specific GC B cells. (D) Enumeration of 
intact trimer and off-target peptide specific GC B cells after bolus, trimer-NP, 
ED trimer immunization, or bolus ovalbumin-immunized mice (control). ns, 

not significant; *q < 0.05; **q < 0.01; ***q < 0.001; ****q < 0.0001 by Kruskal- 
Wallis one-way ANOVA with two stage step-up method for comparison against 
bolus ovalbumin. (E) Distribution of GC B cells recognizing indicated probes 
after bolus trimer immunization. (F) Serum IgG titers against intact trimer or 
breakdown product on day 21. P values were determined by one-way ANOVA and 
Dunnett's post test against intact trimer. (G to I) MMP* or control mCherry* 


11 of 19 


RESEARCH | RESEARCH ARTICLE 


polyclonal B cells were adoptively transferred intranodally into mice (n = 10 animals/ 
group) immunized with 10 yg of trimer-NP and 5 ug of saponin adjuvant, 
followed by flow analysis. Shown are the experimental timeline (G) and 
enumeration of total host CD45.2* GC B cells (H), intact trimer [(1), left], and HR1 
peptide specific GC B cells [(I), right]. P values were determined by Student's 

t test. (J to M) C57BL/6 mice (n = 4 to 5 animals/group) were immunized with 


carboxypeptidase N (42, 43), representing a 
much narrower range of proteases than we 
detected in the LN itself. 

Antigen retention and protection within 
FDCs was first suggested more than three 
decades ago in seminal work by Tew e¢ al. 
Immunogen stability was shown indirectly 
through chromatography after retrieval of 
radiolabeled antigen from whole LNs (73). 
However, with the emerging evidence that 
lymphatic endothelial cells can also store anti- 
gen in a complement receptor 2-independent 
manner, antigen retrieved from whole LN ex- 
tracts may not be specific to FDCs (44). mAbs 
have been used to detect antigens within FDCs 
(45), but this approach can only report on in- 
dividual epitopes and is limited by the poten- 
tial for vaccine-elicited antibody responses to 
confound interpretation. Experiments such 
as these have suggested that the FDC network 
provides a sanctuary site that not only retains 
antigen but also protects it from degradation 
(46); however, direct evidence in support of 
this idea has remained sparse. Here, AZP-based 
spatial zymography assays applied to live tissue 
sections suggested that extracellular protease 
activity is low in follicles relative to the SCS 
and interfollicular regions of LNs. Prior work 
has shown that FDCs cyclically present and 
internalize captured antigens from their sur- 
faces, which would be expected to aid in pro- 
tecting antigen locally (15). However, when we 
challenged LN sections with recombinant pro- 
teases or transferred protease-expressing B cells 
into follicles in vivo, FDC-localized antigen 
underwent degradation. Nevertheless, it seems 
likely that antigen recycling and low protease 
activity in follicles work together to preserve 
antigen on FDCs over prolonged periods. 

In summary, the studies presented here pro- 
vide evidence for rapid proteolysis and clear- 
ance of antigens from extrafollicular regions of 
LNs after immunization, but also show long- 
lived retention of structurally intact antigen 
by follicular dendritic cells. In the absence of 
efficient follicle targeting, a significant pro- 
portion of B cells specific for irrelevant break- 
down products are primed by vaccination. 
Such a substantial response against irrelevant 
epitopes may be problematic for difficult path- 
ogens such as HIV, in which B cells capable of 
maturing to produce broadly neutralizing anti- 
bodies are very rare (19), because competition 
in GCs can overwhelm these rare precursors 
(4, 6). These data provide clear motivation for 
immunization strategies that promote antigen 
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delivery to the FDC network. Although we have 
demonstrated two approaches to achieve this, 
nanoparticle delivery and escalating dosing 
immunization, a variety of approaches may 
also be capable of achieving this goal. These 
include immunization with immune complexes 
(47), use of antigen-complement fusions (48), 
and extended antigen delivery through nucleic 
acid vaccines (49). Such approaches may be 
particularly important for the generation of 
protective antibody responses against difficult 
pathogens such as HIV and for the generation 
of broadly neutralizing antibody responses to 
other variable pathogens. 


Materials and Methods 

Mice 

Six- to 9-week-old female C57BL/6 mice were 
purchased from The Jackson Laboratory (strain 
no. 000664). Tg(IghelIMD4)4Ccg/J breeding 
pairs were purchased from The Jackson Labo- 
ratory (stock no. 002595) and mated in-house. 
Their progeny was genotyped (Transnetyx), and 
female mice between the ages of 8 and 11 weeks 
were used for immunization studies. 


Saponin adjuvant preparation 


The saponin adjuvant used in this study is an 
ISCOM-like self-assembled nanoparticle com- 
posed of cholesterol, phospholipid, and Quillaja 
saponin as described previously (22). Briefly, 
under sterile conditions, the following solutions 
were made: 0.5 ml of 20 mg/ml cholesterol 
(700000P, Avanti) in 20% MEGA-10 detergent 
(D6277, Sigma-Aldrich), 0.5 ml of dipalmitoyl- 
phosphatidylcholine (DPPC, 850355C, Avanti) 
in 20% MEGA-10 detergent, and 0.5 ml of 
100 mg/ml Quil-A adjuvant (vac-quil, Invivogen) 
in deionized H,O. DPPC solution was mixed 
with the cholesterol, followed by the addition 
of Quil-A saponin in rapid succession. This 
mixture was diluted with phosphate-buffered 
saline (PBS) to a concentration of 1 mg/ml 
cholesterol and 2% MEGA-10 before overnight 
equilibration at 25°C. The lipids/saponin/sur- 
factant solution was then dialyzed against 
PBS using a 10-kDa molecular weight cut-off 
(MWCO) membrane for 5 days at 25°C and 
filter sterilized using a 0.2 Supor syringe filter. 
For further purification, the adjuvant solution 
was concentrated using 50-kDa MWCO Amicon 
Ultra-filters (UFC905008, Millipore Sigma) 
and purified by size-exclusion chromatogra- 
phy using a Sephacryl S-500 HR size-exclusion 
column. For quality control, the final saponin 
adjuvant was characterized with the Limus 
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2.5 ug of Iso-eOD or aCD35-eOD and 5 pg of saponin adjuvant, followed by 
histology and flow cytometry. Shown are images of labeled antigen in the FDC 
networks (J) and its quantification (K) 2 days after immunization. Scale bar, 

100 pm. (L to N) Flow cytometry analysis enumerating GC B cells (L) and 
eOD-specific GC B cells at day 14 (M), and eOD-specific serum IgG titers at day 21 
(N). P values were determined by Student's t test. All plots show mean + SD. 


Amebocyte Lystae assay (QCL-1000, Lonza) 
for low endotoxin levels. The adjuvant con- 
centration was determined using a cholesterol 
quantification kit MAK043, Sigma-Aldrich). 


Recombinant immunogen production 


eOD-60mer was produced recombinantly as 
described previously (78). The eOD-60mer 
gene composed of eOD-GT8 monomer fused 
to lumazine synthase was synthesized by Inte- 
grated DNA Technologies, cloned into phLsec 
plasmid, and transfected into Expi293F (A14527, 
Thermo Fisher Scientific) cells. After 6 days, 
cell culture supernatant was harvested by 
centrifugation and filtered through a 0.2-um 
filter. The eOD-60mer was affinity purified 
by incubating with Galanthus nivalis lectin- 
conjugated agarose beads (AL-1243-5, Vector 
Laboratories) overnight under gentle agitation 
at 4°C and eluted with lectin elution buffer 
containing 1 M methyl a-D-mannopyranoside 
(M6882, Millipore Sigma). The resulting solu- 
tion was dialyzed in PBS and further puri- 
fied by size-exclusion chromatography using 
Sephacryl S-500 HR resin. 

N332-GT2 trimers were expressed in FreeStyle 
293F cells (R79007, Invitrogen) and purified in 
two steps by affinity chromatography using a 
GE HisTrap column and size-exclusion chro- 
matography using a GE S200 Increase column 
as described previously (35, 50). N332-GT2 
nanoparticles were expressed and purified as 
described previously (35). 


Antigen labeling and characterization 


Protein antigens (eOD-60mer, HIV Env trimer, 
trimer-NPs, and aCD35-eOD) at 1 mg/ml in 
PBS were diluted at a 1:1 volume ratio in 0.2 M 
sodium bicarbonate buffer (S8875, Sigma- 
Aldrich), pH 8.4, and kept on ice. Fresh 1 mg/ml 
stock solutions of Sulfo-Cyanine 3 (21320, 
Lumiprobe) and Sulfo-Cyanine 5 (23320, 
Lumiprobe) NHS esters were made in 0.2 M 
sodium bicarbonate, pH 8.4, and added to the 
antigen solutions. This reaction was allowed to 
proceed for 16 hours at 4°C, and then samples 
were desalted by passing through a Zeba Spin 
Desalting column (89882 and 87766, Thermo 
Fisher Scientific) and equilibrated in PBS twice. 
Labeled antigens were sterilized by filtering 
through 0.22-um pore size Spin-X centrifuge 
tube filters (CLS8160, Millipore Sigma) and 
stored at 4°C until use. Antigen degree of label- 
ing was determined by measuring the absorb- 
ance at 280, 568, and 646 nm wavelengths to 
measure total protein, Cy3 dye, and Cy5 dye, 
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respectively. To calculate the concentration 
of the different constituents, extinction coeffi- 
cient values of 41200, 113215, 141390, 85550, 
162000, and 271000 M! cm were used for 
one subunit of eCOD-60mer, N332-GT2 trimer, 
one subunit of N332-GT2 trimer-ferritin 
(24mer), aCD35-eOD, sulfo-cy3 NHS ester, and 
sulfo-cy5 NHS ester, respectively. The degree 
of labeling for either the nanoparticle or 
soluble antigens was calculated based on the 
ratio of antigen concentration to Cy3 or Cy5 
concentration. 


Complement-binding assay for labeled 
eOD-60mer 


High-binding ELISA plates (07-200-37, Fisher 
Scientific) were coated with 1 ug/ml labeled 
eOD-60mer,, and blocked with 2% bovine 
serum albumin (BSA) in PBS. Serum was 
collected from naive mice using a collection 
tube with serum gel (41.1500.005, Sarstedt), 
diluted in PBS (3% v/v), and incubated in 
ELISA plates for 1 hour at 37°C. Complement 
binding was detected by biotinylated anti-C3 
antibody (NB200-540B, Novus Biologicals), 
followed by streptavidin-horseradish perox- 
idase (HRP) (3310-9-1000, Mabtech AB). The 
plates were developed with 1-Step Ultra TMB- 
ELISA Substrate Solution (34028, Thermo 
Fisher Scientific), and the reaction was stopped 
by adding with 2 N sulfuric acid (BDH7500-1). 


Antigenicity profiling of labeled immunogens 


Antigenicity profiles of immunogens after dye 
conjugation were assessed through binding 
of structure-sensitive mAbs to plate-bound 
immunogens by ELISA. eOD-60mer with vary- 
ing amounts of dyes conjugated were directly 
coated onto Corning High Binding plates 
(07-200-37, Fisher Scientific) at 2 ug/ml and 
blocked with 2% BSA (A8022, Sigma-Aldrich) 
dissolved in PBS. For trimers or trimer-NPs, 
plates were coated with 2 ug/ml Galanthus 
nivalis lectin (L8275, Sigma-Aldrich) before 
blocking and capture of 2 ug/ml antigen. Anti- 
genicity profiles were evaluated by adding in- 
dicated human mAbs at titrated concentrations 
to plate-bound antigen, followed by detection 
with mouse antihuman secondary antibody 
conjugated to HRP (1721050, Bio-Rad Labo- 
ratories). HRP binding was determined based 
on reaction with 3,3',5,5’-tetramethylbenzidine 
(TMB) substrate (34028, Thermo Fisher Scien- 
tific) and was stopped by the addition of 2 M 
sulfuric acid (BCH7500-1, VWR) at a 1:1 volume 
ratio. The optical density of the mixture was read 
out at 450 nm minus the absorbance at 540 nm 
according to the manufacturer’s instructions. 


In vitro eOD-60mer 49 digestion assays 


Agarose bead-immobilized TPCK-treated tryp- 
sin (150 ul, 20230, Thermo Fisher Scientific) 
was prepared and equilibrated in 0.1 M am- 
monium bicarbonate buffer (S8875, Sigma- 
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Aldrich) pH 8 according to the manufacturer’s 
instructions. These beads were mixed with 
100 wl of 20 ug/ml FRET dye-labeled Ags di- 
luted in ammonium bicarbonate buffer and 
incubated at 37°C. The digested antigens were 
isolated at specified time points by centrifuga- 
tion to remove the trypsin beads and charac- 
terized using three different assays to identify 
changes in molecular weight, Z, and antigen- 
icity. Molecular weight changes of the anti- 
gen were evaluated by reducing SDS-PAGE, 
and protein bands were visualized with high- 
sensitivity Flamingo Fluorescent Protein Gel 
Stain (1610491, Bio-Rad Laboratories). Intact 
antigen fractions were determined by digital 
imaging of gels followed by ImageJ analysis. 
F and antigenicity changes were obtained by 
directly coating the recovered antigens onto 
glass coverslips for imaging or plates for ELISA, 
respectively. 

In addition to trypsin, EOD-60mer,, was 
digested with 150 pg/ml recombinant MMP9 
(909-MM-010, R&D Systems), 150 ug/ml MMP14 
(918-MP-010, R&D Systems), or 100 ug/ml 
ADAM17 (2978-AD-010, R&D Systems) accord- 
ing to the manufacturers’ instructions with 
minor modifications. For MMP9, 2.5 uM ZnCl, 
was added to the assay buffer and 1.5 mM 
p-aminophenylmercuric (APMA) was used 
to activate 150 ug/ml of MMP9. For MMP14, 
150 ug/ml protease was activated by 3.5 ug/ml 
Furin (1503-FE, R&D Systems) for 2 hours at 
37°C in activation buffer containing 50 mM 
Tris, 2.5 mM CalCly, and 0.25% w/v Brij-35 
adjusted to pH 9. For 60mer digestion, 1 uM 
ZnCl, was added to the MMP14 activation 
buffer. For ADAM17, freshly reconstituted 
protease at a 100 pg/ml concentration and 
eOD-60mer,, were both desalted in Zeba col- 
umns equilibrated with deionized water before 
mixing together to initiate cleavage. For all 
cases, 10 ug/ml eOD-60mer,) was incubated 
with individual metalloproteinases or left in 
control conditions (APMA-containing assay 
buffer for MMP9, Furin-containing assay buf- 
fer for MMP14, or alone in deionized water for 
ADAM17) for 48 hours at 37°C. The digested 
60mer was diluted to 1.5 ug/ml and analyzed 
on a TECAN Infinite 200Pro plate reader for 
solution-based FRET measurements (Ex/Em: 
555/665 nm) and Cy5 (Ex/Em: 630/665 nm) 
fluorescence measurement or coated onto 
high-binding plates for VRCO1 mAb (1 pg/ml)- 
binding ELISA. 


Antigen stability within lymph and plasma 


Lymph was collected from the mesenteric 
lymphatic duct as described previously (57) 
with a slightly modified terminal procedure. 
In brief, C57BL/6 mice received 200 ul of com- 
mercial olive oil by oral gavage 60 min before 
lymph collection to allow for easier visualiza- 
tion of the lymphatic ducts. At the time of 
collection, mice were anesthetized with iso- 
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fluorane (4% for induction, 2.5% for mainte- 
nance) and their abdomens were shaved and 
prepared with ethanol and Betadine scrubs. 
A 3-cm incision was made in the skin and peri- 
toneum along the midline. Intestine and colon 
were retracted to the side using sterile cotton 
swabs to expose the superior mesenteric artery 
and the adjacent mesenteric lymph ducts. The 
needle of a precision syringe (30 G, Hamilton) 
was inserted in one of the lymph ducts with 
the bevel pointing toward the distal portion of 
duct, and 5 to 10 ul of lymph was collected by 
gently retracting the plunger. For plasma col- 
lection, naive C57BL/6 mice were bled retro- 
orbitally and processed in MiniCollect Tubes 
with EDTA (450480, MiniCollect). 

To examine antigen stability, 10 ug/ml eOD- 
60mer,4o or trimerg was incubated in diluted 
plasma or lymph (10% v/v in PBS) or 150 ug/ml 
porcine trypsin (T4549, Millipore Sigma) at 
37°C. The FRET (Ex/Em: 555/665 nm) and Cy5 
(Ex/Em: 630/665 nm) signals were recorded 
at specified time points using a TECAN plate 
reader. 


Antigen degradation after incubation with serum 


To determine whether complement deposition 
onto antigen prevents enzymatic degradation, 
20 ug/ml eOD-60mer was incubated for 15 min 
at 37°C with 10% fresh serum from naive mice 
or left alone in PBS. This solution was mixed 
with trypsin-conjugated agarose beads and 
digested overnight at 37°C. Complement bind- 
ing and structural integrity of the nanopar- 
ticles after digestion was assessed by ELISA 
using 1 ug/ml anti-C3 and human VRCO1 mAb, 
respectively. 


Mouse immunizations 


All animal studies were performed under an 
institutional animal care and use committee- 
approved animal protocol following local, state, 
and National Institutes of Health guidelines for 
the care and use of animals. C57BL/6 mice were 
anesthetized and immunized with 10 pg of the 
indicated antigens in the presence or absence 
of 5 ug pf saponin adjuvant subcutaneously at 
the left and right sides of the tail base. 


Tissue processing 


Inguinal LNs extracted from euthanized mice 
were submerged into cryomolds containing 
optimal cutting temperature compound (23- 
730-571, Fisher Scientific) and dipped into 
2-methylbutane (M32631, Millipore Sigma) 
prechilled in liquid nitrogen for 5 to 10 min. 
All frozen tissues were cryosectioned ona 
Leica CM1950 at 10-um thickness, adhered to 
Superfrost Plus microscope slides (12-550-15, 
Fisher Scientific), and stored at -80°C until use. 


Confocal microscopy 


For all experiments, imaging was performed 
on a Leica SP8 confocal microscope equipped 
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with a white light laser and spectral emission 
filter to detect emission wavelengths between 
470 and 670 nm with a minimum bandwidth 
of 10 nm. All images were recorded with a 25x 
water-immersion lens; for assessing antigen 
drainage in the LNs, laser settings were kept 
constant across different time points for each 
immunogen. 


FRET imaging and analysis 


To assess antigen integrity, an acceptor photo- 
bleaching method was used to compare Cy3 
dye emission intensity before and after photo- 
bleaching the Cy5 dye. FRET imaging was 
performed on a Leica SP8 confocal microscope 
with a 25x objective, imaging selected square 
regions with dimensions ranging from 175 to 
250 um. Cy3 signal was recorded by exciting 
the dye at 555 nm and collecting its emission 
between 565 and 615 nm wavelengths, and 
Cy5 signal was recorded after exciting the dye 
at 640 nm and collecting emission between 
660 and 720 nm wavelengths. To photobleach 
the Cy5 dye, regions of interest in LN sections 
were excited with 640-nm wavelength lasers 
at maximum power until the Cy5 intensity was 
<10% of its prebleached values; the duration of 
the bleaching process varied between 90 and 
180 s. Cy3 and Cy5 fluorescence signals were 
then collected again after acceptor bleaching. 
E of antigens was calculated using a custom 
MATLAB code (52) based on established meth- 
ods (J6). E at each pixel (E,) is given by 


(1 = 01) CY3 Ber 
yCy3an — ACY Sper 


where Cy3per and Cy3,an, are Cy3 emissions be- 
fore and after Cy5 photobleaching. Correction 
factors o and y account for incomplete bleach- 
ing of the Cy5 (0 < o s 1) and unintended 
photobleaching of Cy3 (y = 1), respectively. o 
values were experimentally determined from 
the ratio of Cy5 emission signals before and 
after photobleaching, and y was determined 
to be ~1.05 on the basis of coverslip-coated 
antigens conjugated only with Cy3. Moreover, 
correction factors 4, the cross-talk from accep- 
tor emission into the donor emission channel, 
and e, cross-talk of photodegraded acceptor 
product into donor emission channel, which 
are listed in the full equation for F are found 
to be 0.004 + 0.00094 and 0.0062 + 0.00077, 
respectively, from monolayer experiments 
with antigens labeled only with Cy5. Thus, 
both 6 and € were approximated to be zero. 
To quantify £, antigen locations were first 
identified by using a binary mask generated 
from thresholding intensity values in the Cy5 
image before photobleaching. To this end, 
nonimmunized LNs were imaged under same 
conditions to approximate the background 
fluorescence value of Cy5 needed for thresh- 
olding. This mask was applied to the remain- 
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ing images to quantify Cy3pe¢ from the Cy3 
image before photobleaching, Cy3,4”, from the 
Cy3 image after photobleaching, and o from 
the Cy5 images before and after photobleach- 
ing. These parameters were used to generate 
a histogram of E values for antigens found 
within each imaging area. To determine the 
fraction of degraded antigen, this procedure 
was repeated for an intact control sample 
composed of FRET dye-conjugated antigen 
coated onto a glass coverslip. To quantify the 
amount of fully intact antigen at each time 
point/condition was determined by quantify 
the fraction of antigen* pixels in each imaged 
region with £;; values larger than the minimal 
EF value detected in the intact control sample. 

For examining fractions of intact antigens 
colocalized with specified protein markers, the 
acceptor photobleaching procedure was per- 
formed on LN sections that were fixed, immu- 
nostained with antibodies, and mounted in 
PBS. In addition to the four images required 
for calculating F, fluorescence images of cell 
markers were recorded and overlaid onto re- 
gions of intact and degraded antigens. 


Anti-CD45 antibody-conjugated eOD monomer 
for extracellular antigen stability analysis 


Anti-CD45 mAb (103102, BioLegend) was con- 
jugated to Cy5-labeled eEOD-GT8 monomer with 
an added free N-terminal (53) cysteine using 
Sulfo-SMCC linker (A39268, Thermo Fisher 
Scientific). Sulfo-SMCC linker was first added 
to 1 mg/ml mAb solubilized in PBS at 20-fold 
molar excess. This reaction was performed for 
45 min at room temperature and was ter- 
minated by removing unreacted linkers with 
PBS-equilibrated Zeba columns. This solu- 
tion was temporarily maintained at 4°C. 

The dye-labeled COD monomer was next 
conjugated to Sulfo-SMCC tethered anti-CD45 
mAb. To this end, 1 mg/ml of the Cy5-labeled 
eOD monomer, maintained in 1x Tris-buffered 
saline (BP24711, Fisher Scientific), was reduced 
by adding twofold molar excess of tris(2- 
carboxyethyl)phosphine (TCEP, 20490, Thermo 
Fisher Scientific). This reaction was stopped 
after 15 min at room temperature by using 
PBS-equilibrated Zeba desalting columns. The 
reduced eOD monomer was immediately 
mixed with Sulfo-SMCC linker tethered anti- 
body at 1:1 mass ratio and was allowed to react 
overnight under mild agitation at 4°C. This mix- 
ture was repeatedly washed through Amicon 
ultracentrifugal units with 100-kDa MWCO 
(UFC510024, Millipore Sigma) to remove un- 
reacted eOD monomer. The resulting antibody- 
eOD monomer construct was sterilized by 
passing through centrifugal filters with 0.2-um 
pores (CLS8160-96EA, Millipore Sigma) and 
kept at 4°C. 

For immunization of C57BL/6 mice, indicated 
doses of saponin adjuvant and antibody-eOD 
conjugate was administered subcutaneously 
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at the tail base, and inguinal LNs were har- 
vested and mechanically processed at speci- 
fied time points. The isolated cells were first 
stained with Live/Dead Aqua (L34957, Thermo 
Fisher Scientific), anti-B220 BV421 antibody 
(103239, BioLegend), and anti-CD3_ antibody 
(100321, BioLegend) before splitting into two 
distinct pools. 

To detect surface-bound or intact EOD mono- 
mer, each pool of cells was stained with either 
biotinylated anti-Cy3/Cy5 mAb (C3117, Millipore 
Sigma) or biotinylated VRCO1 mAb, respectively, 
followed by exposure to streptavidin-BUV737 
(612775, BD Biosciences) and analysis by flow 
cytometry. 


Bulk antigen stability analysis using 
pull-down assay 


Pairs of inguinal LNs from two C57BL/6 mice 
immunized with eOD-60mer,, were harvested 
and pooled into prechilled tubes each contain- 
ing 120 ul of 0.5% w/v BSA (A8022, Sigma- 
Aldrich), 2x Halt protease inhibitor cocktail 
(78430, Thermo Fisher Scientific), and 5 mM 
EDTA (15575020, Thermo Fisher Scientific) 
solubilized in PBS. The LNs were mechanically 
dissociated using a Biomasher II microtissue 
homogenizer (K7496250010, Fisher Scientific) 
and kept at 4°C for 30 min under gentle agita- 
tion and away from light. To obtain the extra- 
cellular protein fraction, the homogenized LN 
solution was centrifuged for 5 min at 500g be- 
fore transferring 100 ul of the supernatant into 
a V-bottom 96-well plate (12-565-215, Thermo 
Fisher Scientific). In addition, 100 ul of intact 
antigen standards containing 300, 30, 3, or 
0.3 ng of eOD-60mer4, or eEOD-6GOmer conju- 
gated with only 20 Cy5 dyes (eOD-60mer 9 cys) 
was added to the 96-well plate. To obtain the 
intracellular protein fraction from the LNs, 
120 ul of cell lysis solution composed of T-PER 
(78510, Thermo Fisher Scientific), 2x Halt pro- 
tease inhibitor cocktail, and 5 mM EDTA was 
added to the each of the centrifuged tubes with 
pelleted cells and tissue debris. These tubes 
were vortexed vigorously to dissociate the 
pellets and maintained under moderate agita- 
tion for 1 hour at room temperature and away 
from light. The tubes were then centrifuged 
at 1500g for 10 min, and 100 ul of the super- 
natant containing intracellular proteins were 
transferred to the V-bottom 96-well plate. For 
all wells containing LN samples and standards, 
7.5 wl of 1 mg/ml biotinylated anti-Cy3/Cy5 
antibody was added, and the plate was kept 
on a shaker overnight at 4°C. 

The resulting antibody-antigen complexes 
were next captured onto microparticles. Spe- 
cifically, 32.5 ul of streptavidin-conjugated mag- 
netic particles (88816, Thermo Fisher Scientific) 
were first transferred to individual wells in a 
V-bottom 96-well plate and mixed with 170 ul 
of PBS. Using a 96-well side-skirted magnet 
(12027, Thermo Fisher Scientific), the beads 
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were pulled to the bottom of the wells and 
the supernatant was removed. The pelleted 
beads were resuspended in 105 ul of solution 
containing LN extracts or eOD-60mer stan- 
dards bound to biotinylated anti-dye antibodies 
and kept on a shaker overnight at 4°C. 

The beads bound with eOD-60mer4 9 were 
next analyzed using the BD FACSymphony 
A3 flow cytometer in which the FRET signal 
(561 nm excitation, 670/30 nm emission) and 
acceptor signal (640 nm excitation, 670/30 nm 
emission) of the captured antigens were re- 
corded. To quantify the mass of antigen within 
LNs, a standard curve was first generated 
based on the Cy5 mean fluorescence inten- 
sities from eOD-60mer,, standards with known 
masses. Next, the raw mass values determined 
based on the standard curve was scaled by a 
correction factor to account for the inefficiency 
of eOD-60mer,, retrieval from LN samples. 
Specifically, this factor (~1.8) was calculated by 
dividing the Cy5 signal from beads incubated 
with 3 ng of eOD-60mer,4, standard kept in 
BSA plus protease inhibitor solution with 
the Cy5 signal from the same standard mass 
mixed into mechanically dissociated naive LN 
solution or lysate. The reported 60mer masses 
detected in LNs are the product of the cor- 
rection factor and values obtained from the 
standard curve. 

To evaluate the fraction of intact 60mer 
bound to the beads, normalized FRET (nFRET), 
defined as mean value of FRET divided by Cy5 
intensity of all the particles, was first quanti- 
fied for eOD-60mer,49 and eEOD-60Mer20 cys 
standards (made in PBS with BSA and inhibi- 
tors) that are used to represent 100% and 0% 
intact antigen, respectively. The nFRET value 
for eOD-60mer4, is expected to be upper bound 
because all of the donor and acceptor dyes are 
present on the NP. By contrast, nFRET value 
for eOD-60mer29,cys Serves as the lower bound 
because FRET does not occur without donor 
(Cy3) dyes. Moreover, nFRET was observed to 
vary with the amount of 60mer bound on the 
beads, so this value was quantified for beads 
incubated with serially diluted eOD-60mer4, 
and eOD-60mers0cys standards. The result- 
ing data points were fitted to sigmoidal curves 
that provided the upper (100% intact) and 
lower (0% intact) limits of nFRET values for 
beads bound to any amount of 60mer. By as- 
suming that the change in nFRET value be- 
tween the upper and lower limits was linearly 
related to the percentage of intact antigen, the 
percentage of intact 60mer retrieved from LNs, 
the antigen amount of which was determined 
as described previously, was quantified. 


Vibratome sectioning 


Low-melting-point agarose (A4018, Sigma- 
Aldrich) solution was prepared by adding 0.4 
of agarose into 20 ml of PBS to achieve a con- 
centration of 2% w/v. This mixture was micro- 


Aung et al., Science 379, eabn8934 (2023) 


waved at 30-s intervals until the agarose was 
fully dissolved, and the solution was equili- 
brated at 37°C for at least 45 min. Inguinal 
LNs were harvested from immunized or naive 
mice and placed onto a 35-mm-diameter petri 
dish. The agarose solution was carefully added 
to this dish and incubated at 4°C for 10 min. A 
rectangular block encompassing the LNs was 
excised and mounted onto the sample holder 
of a Leica Vibratome VT1200s using Vetbond 
tissue adhesive (3M). The sample was held in 
PBS prechilled to 4°C and sectioned to obtain 
250-um-thick live tissue sections that were im- 
mediately transferred to a petri dish containing 
ice-cold RPMI 1640. All slices were collected 
and maintained in this solution until fur- 
ther use. 


In vitro AZP assay 


The sequences for the custom peptide (CPC Sci- 
entific) probes were as follows (30): quenched 
AZP, (5FAM)-GPVPLSLVMG-K(CPQ2)-(Peg2)- 
GC; D-isomer, UeeeeeeeeX GpvplslvmGrrrrrrrrrx- 
k(5-FAM)-amide; AZP, UeeeeeeeeXGPVPLSL- 
VMGrrrrrrrrrX-k(5-FAM)-amide; and polyR, 
rrrrrrrrrX-k(Cy5)-amide, where uppercase 
letters indicate isomers, lowercase letters indi- 
cate D-isomers, 5-FAM is 5-carboxyfluorescein, 
Cy5 is cyanine 5, Peg2 is polyethylene glycol, 
and CPQ2 is the quencher. 

To analyze the cleavage of peptide sequence 
in the AZP probe by different recombinant 
proteases, a quenched version of the probe 
that consisted of a peptide sequence flanked 
by quencher CPQ2 and fluorophore FAM was 
used. This reaction was performed by incubat- 
ing 1u4M quenched AZP probe with 1 ug/ml 
recombinant MMP14 (918-MP-010, R&D Sys- 
tems), ADAM17 (2978-AD-10, R&D Systems), 
ADAM10 (946-AD-020, R&D Systems), Cathep- 
sin D (1029-AS-010, R&D Systems), Cathepsin S 
(50769-MO08H, Sino Biologicals), or Cathepsin L 
(1515-CY-010, R&D Systems). The buffer pH for 
digestion was adjusted based on each manu- 
facturer’s protocol and were 8.5, 9.0, 9.0, 3.5, 
4.5, and 6.0 for MMP14, ADAM17, ADAM10, 
Cathepsin D, Cathepsin S, and Cathepsin L, 
respectively. The FAM signal (Ex/Em: 485/ 
535 nm) was recorded on a plate reader initially 
and after 60 min of incubation at 37°C. 

For visualizing protease activity within tis- 
sues, LNs were harvested from naive mice or 
mice immunized with eOD-60mer and saponin 
at the indicated time points. These tissues were 
embedded within 2% agarose gel containing 
5 uM AZP and polyR control probes, vibratome 
sliced to obtain 250-t1m-thick live sections, and 
maintained within RMPI 1640 supplemented 
with 2 uM ZnCl». Parallel tissue sections were 
also incubated in 5 uM uncleavable D-isomer 
probe and polyR as a control. After 2 hours of 
incubation at 37°C, the tissue-gel constructs 
were washed twice with PBS before fixation in 
4% paraformaldehyde overnight at 4°C. Excess 
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paraformaldehyde was removed by washing 
in PBS, and these sections were imaged di- 
rectly by confocal microscopy. From the images, 
areas of positive AZP probe signal normal- 
ized to areas with positive polyR probe signal 
were calculated for inside versus outside of 
the follicles. 

To immunophenotype proteolytically active 
cells, live LN vibratome sections were placed 
into RMPI medium containing the following 
combination of probes at 2 uM concentration: 
(i) AZP and polyR probes, (ii) D-isomer and 
polyR probe, and (iii) AZP probe only. These 
slices were maintained in the probe medium 
for 2 hours at 37°C before washing away the 
excess probe by performing two cycles of trans- 
ferring the slices to and maintaining in fresh 
PBS for 15 min at 37°C. The LN sections were 
subsequently processed for flow cytometry 
analysis. To assess protease activity, different 
cellular phenotypes were first identified and 
AZP* cells were determined only among the 
polyR* cells within each cell type. Gating for 
polyR and AZP probe binding was determined 
based on cells extracted from slices incubated 
in probe media conditions (iii) and (ii), respec- 
tively (fig. S5A). 


Ex vivo modulation of protease activity within 
LN slices 


To examine the impact of proteases on FDC- 
localized antigens, mice were first immunized 
with saponin and eOD-60mer4,. After 3 days, 
LNs were harvested and vibratome sliced 
to 250 um thickness and were left untreated 
in RPMI 1640 medium or exposed to either 
200 pg/ml porcine trypsin (T4549, Millipore 
Sigma) or 10 ug/ml recombinant full-length 
murine MMP9 without additional chemical 
activation by p-aminophenylmercuric ace- 
tate (ab39309, Abcam). After 4 hours at 37°C, 
tissue slices were washed in PBS and fixed 
overnight in 10% neutral buffered formalin 
(HT5011-1CS, Sigma-Aldrich) at 4°C before 
confocal imaging. 

Similarly, the effect of protease inhibitors on 
antigen degradation was assessed by immu- 
nizing mice with saponin and eOD-60mer4o, 
followed by harvesting of LNs 2 hours later for 
vibratome sectioning. These live slices were 
left untreated in RPMI 1640 medium or incu- 
bated with 100 pg/ml marimastat (M2699, 
Millipore Sigma) or Halt broad-spectrum pro- 
tease inhibitor without EDTA (78430, Thermo 
Fisher Scientific) at a fivefold dilution of the 
stock solution. After 6 hours in 37°C, the tissue 
slices were washed in PBS and fixed overnight 
in 10% neutral buffered formalin at 4°C. 

In both ex vivo experiments, the fixed sec- 
tions were incubated in fresh PBS for 1 hour 
at 25°C, followed by flash freezing and cryo- 
sectioning. The sections were adhered to mi- 
croscope slides, mounted in PBS, and imaged 
immediately. 
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Effect of in vivo metalloproteinase inhibition on 
antigen stability within LNs 

Marimastat (Selleck Chemicals) was dissolved 
in dimethylsulfoxide (DMSO) to achieve a con- 
centration of 52 mg/ml. This stock solution 
was diluted to 9 mg/ml in PBS, sonicated for 
5 min, and injected intraperitoneally at a 
volume of 50 ul per mouse, resulting in an 
~25 mg/kg dose. Control mice were admin- 
istered matching concentrations of DMSO 
diluted in PBS. These injections were per- 
formed twice daily for 4 days. On the fifth day, 
marimastat was administered 2 hours before 
and 6 hours after immunization with 5 ug of 
saponin adjuvant and 10 ug of eOD-60meryo. 
Draining LNs were extracted 24 hours after 
immunization for antigen pull-down assay and 
FRET imaging. 


MMP9 transfer plasmid design 


Gene fragments encoding the full-length hu- 
man MMP9 with a G100L mutation (to achieve 
functional proteolysis without a requirement 
for propeptide cleavage) (34) and C-terminal 
HA affinity tag was purchased from Inte- 
grated DNA Technologies. This gene block 
was inserted into a MIGRI retroviral transfer 
plasmid, followed by an IRES sequence and 
the gene encoding for mNeongreen reporter 
protein. 


Retrovirus production 


Phoenix Eco cells (CRL-3214, ATCC) were plated 
at a density of 75,000 cells/cm? in a 10-cm- 
diameter tissue culture dish and maintained 
in 10 ml of Dulbecco’s modified Eagle’s me- 
dium containing 10% fetal bovine serum 
(FBS), 2 mM L-glutamine, and 1% penicillin/ 
streptomycin (complete medium) for 24 hours. 
To produce retroviruses, these cells were trans- 
fected with retroviral vectors using lipofectamine 
3000 (L3000015, Thermo Fisher Scientific) ac- 
cording to the manufacturer’s instructions. In 
brief, 1.5 ml of Opti-MEM (31985062, Thermo 
Fisher Scientific) containing 41 ul of lipo- 
fectamine 3000 reagent was mixed with 1.5 ml 
of Opti-MEM containing 35 ul of P3000 re- 
agent, 4.5 ug of pCL-Eco packaging plasmid 
(12371, Addgene), and 13.5 ug of transfer plas- 
mid containing constitutively active MMP9/ 
mNeongreen or mCherry inserts. This mix- 
ture was maintained at room temperature for 
20 min. Before transfection, the culture me- 
dium for Phoenix Eco cells was replaced with 
6 ml of Opti-MEM and lipofectamine-plasmid 
mixture was added dropwise over the surface 
of the culture dish. The Phoenix Eco cells were 
transfected overnight before replacing the 
Opti-MEM with 10 ml of complete medium. 
The generated viruses were harvested after 
48 hours by collecting the medium, centrifug- 
ing at 2000g for 5 min, and filtering through 
0.45-um polyvinylidene difluoride syringe filters 
(24-242, Genesee Scientific). The retrovirus was 
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used immediately after or flash frozen in liquid 
nitrogen for extended storage. 


Transduction of splenic B cells and 
adoptive transfer 


Spleens were harvested from naive C57BL/6 
mice or CD45.1* C57BL/6 mice (strain 002014, 
The Jackson Laboratory), and B cells were iso- 
lated using a commercially available negative 
selection kit (19854, STEMCELL Technologies) 
according to the manufacturer’s instructions. 
The isolated B cells were resuspended at a 
density of 1 million cells/ml in base medium, 
distributed at 2 ml per well in six-well plates, 
and activated for 24 hours with 10 ug/ml lipo- 
polysaccharide (LPS, L2630-10MG, Millipore 
Sigma) and 25 ng/ml interleukin-4 (404-ML- 
025, R&D Systems). The base medium was 
composed of RPMI 1640, 10% v/v FBS, 55 uM 
B-mercaptoethanol (21-985-023, Fisher Scien- 
tific), and 1% v/v penicillin/streptomycin. 

To transduce the B cells using retrovirus, 
2 ml of 20 ug/ml RetroNectin (T100B, Takara 
Bio) was first coated onto each well of non- 
tissue culture-treated six-well plates (351146, 
Corning) on the same day that splenic B cells 
were isolated. The plates were kept overnight 
at 4°C before removing the RetroNectin solu- 
tion and blocking with sterile 2% BSA solubi- 
lized in PBS for 30 min at room temperature. 
The plates were next washed once with PBS 
before adding 1.3 ml of supernatant with 
MMP9/mNeongreen- or mCherry-encoding 
retrovirus per well (see the “Retrovirus pro- 
duction” section) and centrifuging the plate at 
2000g for 2 hours at 32°C to attach the virus 
onto RetroNectin-coated plates. Next, the super- 
natant was removed, wells were washed three 
times with PBS, and activated B cells were 
transferred to the wells to undergo transduc- 
tion for 48 hours. The expression of MMP9 
within the culture medium was quantified 
by using a commercially available ELISA kit 
(ab100610, Abcam). The activity of secreted 
MMP9 was validated by concentrating the 
culture medium by eightfold, transferring the 
supernatant onto anti-HA tag Ab (901533, 
BioLegend)-coated ELISA plates preblocked 
with 2% BSA in PBS, and exposing the cap- 
tured MMP9 in the wells to 1 uM quenched 
AZP probe. The change in carboxyfluorescein 
(FAM) intensity was recorded using a plate 
reader as described previously. 

For adoptive transfer, transduced B cells were 
collected from the wells and centrifuged, the 
supernatant was aspirated, and the pellet was 
resuspended in 15 ml of base medium. The 
washing process was repeated three more 
times to completely remove LPS, and after the 
final wash, the B cells were resuspended in 
PBS at a density of 2.5 million cells per 10 ul. 
This cell mixture was kept on ice. To perform 
intranodal injections into the inguinal LNs, 
mice were anesthetized and the area between 
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the hind thigh and abdomen was shaved and 
depilated with a mild hair removal cream. Left 
and right superficial inguinal LNs were visu- 
alized with the help of a gooseneck fiber optic 
illuminator as defined opaque spots that are 
5 to ’7 mm superior and lateral to the corre- 
sponding inguinal (fourth) nipple. The LN 
was gently pushed up against the skin, which 
was pulled taut to allow for controlled insertion 
of the needle. The needle of a precision syringe 
(30 G, Hamilton) was inserted under the skin 
and pushed 1 to 2 mm into the LN along its 
long axis. For each LN, 10 ul of B cell suspension 
was slowly injected, and the entry of this solu- 
tion into the tissue was confirmed by the visible 
swelling of the LN. 


scRNA-seq analysis 


The scRNA-seq data were collected and ana- 
lyzed in a separate study. The data were used 
here to identify cell-type-specific expression of 
proteases. Briefly, scRNA-seq (10X Genomics) 
was performed according to the manufacturer’s 
instructions on dissociated cells from LNs of 
mice that were either untreated or 6 hours 
after vaccination with 200 pug of ovalbumin 
peptide and 20 ug CpG 1826 adjuvant. Cell 
Ranger was used to process sequence data. 
Gene expression is log normalized for each 
cell such that the total unit for each cell sums 
to 10,000. Clusters of the major cell types were 
derived using the Louvain clustering algo- 
rithm and annotated based on known markers. 
Genes encoding extracellular or secreted pro- 
teases, including ADAMs, ADAMTSs, MMPs, 
and elastases, were included in the analysis. 
For FDCs, scRNA-seq analysis was performed 
in a similar manner based on published data- 
sets (28, 29). 


Immunofluorescence staining 


Frozen sections were retrieved from -80°C, 
quickly thawed, and incubated in 10% neutral 
buffered formalin solution for 8.5 min at 25°C. 
The sections were washed three times in PBS 
with a 10-min incubation time between each 
wash. Excess PBS was removed after the final 
wash before incubating the slides in blocking 
buffer composed of 2% BSA and 2% Triton X- 
100 in PBS. After 30 min, the blocking buffer 
was aspirated and the slides were stained in 
the following primary antibody solutions also 
made in blocking buffer for ~16 hours at 4°C: 
1:75 anti-ADAM17 (NBP2-67179, Novus Bio- 
logicals), 1:75 anti-ADAM10 (NBP176973, Novus 
Biologicals), 1:75 anti- MMP14 (ab51074, Abcam), 
1:75 anti-CD35 (740029, BD Biosciences), 1:75 
anti-LYVE1 (53-0443-82, Thermo Fisher Sci- 
entific), and 1:75 anti-CD169 (142421, BioLegend). 
These slides were washed in PBS three times 
for 10 min, stained with 1:200 diluted second- 
ary antibodies solution in blocking buffer 
(ab150063 Abcam, ab150061, Abcam) for 4 hours 
at room temperature, and washed again in PBS. 
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To mount the slides, 5 ul of PBS was added 
directly onto the stained tissues before gently 
placing a 20 x 20 mm coverslip on top of the 
PBS droplet to sandwich the section. The 
coverslip was sealed using CoverGrip coverslip 
sealant (23005, Biotium) and imaged immedi- 
ately. Slides were stored at 4°C for a maximum 
of 1 week. 

To visualize five distinct markers within 
the same LN, modifications were made to the 
above staining protocol. Cryosectioned LNs 
were first fixed and blocked with 10% v/v 
normal donkey serum and 0.1% w/v Triton 
X-100 constituted in PBS. The slides were then 
sequentially stained with the following anti- 
bodies and reagents at the listed dilutions for 
the indicated times in the following order: (i) 
anti-ADAM17 mAb (NBP2-67179, Novus Bio- 
logicals), 1:75, 1 hour; (ii) donkey anti-rabbit 
polyclonal Ab conjugated to BV421 (406410, 
BioLegend), 1:250, 1 hour; (iii) antic ADAM10 
mAb conjugated to AF647 (NBP2-12015AF647, 
Novus Biologicals), anti-MMP14 mAb conju- 
gated to AF555 (ab302548, Abcam), anti-CD169 
mAb conjugated to AF488 (142419, BioLegend), 
and biotinylated anti-LYVE1 mAb (13-0443-82, 
Thermo Fisher Scientific), all at 1:75; and (iv) 
streptavidin conjugated to BV510 (405233, 
BioLegend), 1:150, 0.5 hour.The slides were 
washed three times in PBS after each staining 
and mounted as described previously after 
streptavidin binding. The LNs were imaged 
on a Leica SP8 scanning confocal in which 
three distinct scan sequences were created 
to eliminate fluorophore cross-talk. For the 
first sequence, the LN section was excited with 
a405-nm laser, and emission between 410 and 
450 nm and 620 and 710 nm was recorded to 
acquire ADAM1I7 and LYVE1* LECs signal. For 
the second sequence, the tissue was excited 
with a 488- and a 650-nm laser, and emission 
between 498 and 530 nm and 660 and 770 nm 
were recorded to detect CD169* subcapsular 
macrophages (SSMs) and ADAM1O, respec- 
tively. For the final sequence, the slide was 
excited with a 555-nm laser, and emission 
between 565 and 620 nm were obtained to 
visualize MMP14. The colocalization of the 
proteases with SSMs or LECs were quantified 
using the coloc2 plugin on ImageJ. Regions of 
interests were created on either SSM or LEC 
images and colocalization with each protease 
was represented using Mander’s coefficient, 
which required images to have P > 0.95 after 
Costes analysis. 


Follicle targeting anti-CD35 ScFv-eOD 
monomer construct 


Follicle targeting of antigens was achieved by 
using an anti-CD35 mAb (clone: 8C12) that 
specifically recognized complement recep- 
tor 1 (CR1), which is highly expressed by FDCs. 
To express this antibody efficiently, the frame- 
work sequences within the variable region of 
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both light and heavy chains of the original 
clone, 8C12 (54), were mutated toward rat 
germline amino acid sequences using the 
SabPred toolbox (55). This construct was 
expressed as a single-chain variable fragment 
(ScFv) fused to COD monomer (aCD35-eOD). 
eOD monomer fused to anti-GFP ScFv was 
used as a control construct (Iso-eOD). Gene 
fragments encoding these fusion proteins and 
flanked with overhangs designed for insertion 
into NotI restriction enzyme linearized GWIZ 
vector were purchased from Integrated DNA 
Technologies. Plasmid assembly and pro- 
tein expression was performed as described 
previously. 


aCD35-eOD 


HHHHHHGGDTITLPCRPAPPPHCSSNITGL- 
ILTRQGGYSNDNTVIFRPSGGDWRDIARCQI- 
AGTVVSTQLFLNGSLAEEEVVIRSEDWRDN- 
AKSICVQLNTSVEINCTGAGHCNISRAKWN- 
NTLKQIASKLREQYGNKTIIFKPSSGGDPEF- 
VNHSFNCGGEFFYCDSTQLFNSTWENSTGG- 
GGSGGGGSGGGGSDIVMTQTPSSLAVSA- 
GEKVTMSCKSSQSLLYSKNKKNYLA- 
WYQQKPGQSPKLLISWASSRESGVPD- 
RFTGSGSGTDFTLTISSVQAEDLAVYY- 
CEQYYNIPYTFGGGTKLELKRGGGGS- 
GGGGSGGGGSQVKLQESGGGLVQ- 
PGRSLKLSCAASGFTFSNYDMAW- 
VRQAPTKGLEWVASINYDGSSTYYR- 
DSVKGRFTISRDNAKSTLYLQMDSLR- 
SEDTATYYCTTLYNWYVMDAWGQG- 
TIVTIVsSS 


Iso-eOD 


HHHHHHGGDTITLPCRPAPPPHCSSNIT- 
GLILTRQGGYSNDNTVIFRPSGGDWRDIA- 
RCQIAGTVVSTQLFLNGSLAEEEVVIRSED- 
WRDNAKSICVQLNTSVEINCTGAGHCNIS- 
RAKWNNTLKQIASKLREQYGNKTIIFKPSS- 
GGDPEFVNHSFNCGGEFFYCDSTQLFNSTW- 
FNSTGGGGSGGGGSGGGGSDIQLTQSPAI- 
MSPSLGERVTIMTCTASSSVGSSYLHW- 
FQQKPGSSPKLWIYSTSNLASGVPAR- 
FSGSGSGTSYSLTISRMEAEDAATYYC- 
HQYHRTPYTFGGGTKLEIKRAGGGG- 
SGGGGSGGGGSEVQLQQSGPELVKP- 
GSSMKISCKASGYSFTGYTMNWVKQ- 
SHGQNLEWIGLINPYNGGTNYNQKF- 
KGKATLTVDKSSSTAYMELLGLTSED- 
SAVYYCTRGNSDFSAWFAYWGQGT- 
SVTVSS Where underlining indicates the 
eOD monomer and bold indicates the ScFv 
construct. 


Human tonsil tissue acquisition and processing 


Adult human tonsil samples sourced from stan- 
dard surgical procedures performed for clinical 
care was provided by the Massachusetts Eye 
and Ear Infirmary at the Massachusetts Gen- 
eral Hospital. Usage for scientific research was 
approved by the Massachusetts General Hos- 
pital institutional review board under protocol 
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P2020-003521. Tonsil samples were deiden- 
tified and processed within 2 to 3h after re- 
moval. Acquired tonsil tissues were flash frozen, 
cryosectioned, and immunostained in the same 
manner as murine LNs. 


Flow cytometry 


For analysis of AZP binding and protease ex- 
pression, inguinal LNs from immunized or 
naive mice or live LN sections were incubated 
in 1 ml of digestion solution composed of RPMI 
1640 medium containing 0.8 U/ml dispase 
(07913, STEMCELL Technologies), 0.1 mg/ml 
Collagenase D (11088858001, Sigma-Aldrich), 
and 0.1 mg/ml of DNAse (10104159001, Sigma- 
Aldrich). After 20 min of incubation at 37°C, 
the LNs were repeatedly passed through a 1-ml 
pipette tip to mechanically rupture the tissue. 
Care was taken to collect ~1 ml of the solution 
containing only the liberated cells before trans- 
ferring to ice-cold PBS containing 5 mM EDTA 
and 2% FBS (stop buffer). The remaining tis- 
sue debris were further processed by a second 
incubation with 1 ml of fresh digest buffer for 
20 min at 37°C and transfer of the supernatant 
to stop buffer. This solution was passed through 
a40-um pore size filter, centrifuged, and trans- 
ferred into a V-bottom 96-well plate for flow 
staining. For GC analysis, cells were isolated 
by mechanically crushing the LNs against a 
filter cap with 70-um pore size and generously 
pipetting cold PBS containing 1% BSA and 
5 mM EDTA (FACS buffer) onto the porous 
mesh. The cells were centrifuged, resuspended 
in flow cytometry buffer, passed through a 
40-um pore size filter, and transferred to a 
V-bottom 96-well plate. 

The isolated cells were stained with Live/ 
Dead fixable aqua stain (L34957, Thermo Fisher 
Scientific) for 10 min at 25°C before washing 
twice in flow cytometry buffer. Cells were then 
incubated with Fc block for 10 min at 4°C 
before staining with antibodies listed in the 
key resource table (see the supplementary 
materials) for 20 additional min at 4°C. For 
on-target trimer and off-target probe specific 
GC B cell analysis, cells stained with antibodies 
were distributed evenly and exposed to bio- 
tinylated trimer or peptide probes preincubated 
with streptavidin (30 min at molar ratio of 1:4 
at 25°C) conjugated to phycoerythrin (405203, 
BioLegend), BV421 (405226, BioLegend), or 
allophycocyanin (40520L7, BioLegend). For 
AZP analysis, the stained cells were imme- 
diately analyzed (28). For protease expression 
analysis, cells stained with surface markers 
were fixed and permeabilized using a tran- 
scription factor staining buffer kit (00-5523- 
00, Invitrogen), followed by incubation with 
antiprotease antibody for 30 min at 25°C. After 
washing twice with wash buffer, the cells were 
incubated with donkey antirabbit antibody 
conjugated to Alexa Fluor 488 dye to detect 
the proteases. For compensation, UltraComp 
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Structural basis of mammalian respiratory complex | 
inhibition by medicinal biguanides 


Hannah R. Bridges'*, James N. Blaza’, Zhan Yin’, Injae Chung’, Michael N. Pollak®, Judy Hirst! 


The molecular mode of action of biguanides, including the drug metformin, which is widely used in 
the treatment of diabetes, is incompletely characterized. Here, we define the inhibitory drug-target 
interaction(s) of a model biguanide with mammalian respiratory complex | by combining cryo-electron 
microscopy and enzyme kinetics. We interpret these data to explain the selectivity of biguanide binding to 
different enzyme states. The primary inhibitory site is in an amphipathic region of the quinone-binding 
channel, and an additional binding site is in a pocket on the intermembrane-space side of the enzyme. An 
independent local chaotropic interaction, not previously described for any drug, displaces a portion 

of a key helix in the membrane domain. Our data provide a structural basis for biguanide action and 


enable the rational design of medicinal biguanides. 


he biguanide metformin is central to the 
treatment of millions of patients with 
type 2 diabetes worldwide (7) and has 
been studied intensely in recent years for 
treatment of other conditions, including 
ischemia-reperfusion injury (2, 3), fibrosis (4), 
viral infections (5), and cancer (6). Optimiza- 
tion of biguanides for distinctive indications 
has been hindered by incomplete understanding 
of their molecular pharmacology, and although 
preclinical evidence for the antineoplastic action 
of metformin was sufficient to justify dozens 
of clinical trials (7), the results have been dis- 
appointing (8, 9). Biguanides have been reported 
to target many cellular proteins, including 
mitochondrial glycerophosphate dehydrogenase 
(mGPD) (0), presenilin enhancer 2 (77), FyFo 
adenosine 5'-triphosphate (ATP) synthase (12), 
cytochrome c oxidase (13), and the chloride 
intracellular channel 1 (74). Several studies have 
described biguanide inhibition of mitochon- 
drial respiratory complex I (proton-translocating 
NADH:ubiquinone oxidoreductase, where NADH 
is the reduced form of NAD*) (12, 15-18), sup- 
porting a mode of biguanide action in which 
decreased production of ATP from oxidative 
phosphorylation triggers the activation of 
adenosine 5'-monophosphate kinase and inhi- 
bition of adenylate cyclase, leading to bene- 
ficial downstream effects on gluconeogenic 
enzymes (in diabetes) and mTOR (in cancer 
and antiviral treatments) (J, 6, 18, 19). 
Complex I is a 1-MDa multiprotein assembly 
that is central to mitochondrial and cellular 
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metabolism. It oxidizes the NADH produced 
by oxidation of carbohydrates and lipids to 
maintain the redox state of the mitochondrial 
nicotinamide adenine dinucleotide (NAD*) pool, 
reduces ubiquinone-10 to drive the respiratory 
chain and oxygen consumption, and pumps 
protons out of the mitochondrial matrix. This 
proton pumping contributes to the proton- 
motive force (PMF) that drives ATP synthesis 
through oxidative phosphorylation (20). Cryo- 
electron microscopy (cryo-EM) studies of com- 
plex I have revolutionized our understanding 
of its structure, mechanism, and regulation, 
informing on redox catalysis in the hydro- 
philic domain, proton translocation across 
the membrane, and possible mechanisms of 
coupling between ubiquinone-10 reduction and 
proton translocation (21, 22). Furthermore, 
cryo-EM has discriminated different resting 
states of the enzyme (22-25) on the basis of 
domain-level reorientations linked to altered 
conformational states of the quinone-binding 
channel (Q-channel): the “active” state with a 
structurally ordered, turnover-ready Q-channel 
and the pronounced “deactive” state with a 
locally disordered Q-channel that requires 
restructuring and reactivation for catalysis. 
Biguanides bind with an unusual preference to 
the deactive state of the enzyme (6), but their 
binding site(s) and modes of interaction are 
unknown: They are expected to bind in a site 
downstream of the Fe-S clusters (72) but do not 
inhibit in a simple competitive manner. Their 
interaction site is expected to be amphipathic 
on the basis of the biguanide positive charge 
and strong correlations between inhibitory po- 
tency, cytotoxicity, and hydrophobicity (72, 26). 

We use cryo-EM to reveal the molecular in- 
teractions of biguanides with mammalian res- 
piratory complex I, defining how they inhibit 
catalysis. We identify distinctive binding modes 
and rationalize biguanide protein-state se- 


lectivity to enable future implementation of 
structure-based drug design in the develop- 
ment of biguanide-based therapies for diverse 
applications. 


IM1761092 as a model biguanide for 
structural studies 


The antidiabetic biguanides metformin and 
phenformin are relatively weak inhibitors of 
complex I, with simple molecular shapes. We 
sought to avoid technical risks in cryo-EM 
(excessive adventitious binding and reduced 
image contrast) from using these compounds 
in high millimolar concentrations by identify- 
ing a stronger-binding derivative, which would 
also exhibit a more distinctive cryo-EM den- 
sity. For structural investigation of the com- 
plex I binding site(s) of biguanides, we therefore 
assessed IM1761092 (hereafter IM1092) (27), a 
more hydrophobic (logP 2.37) derivative of the 
metformin-related antidiabetic biguanide phen- 
formin (logP 0.34) that contains a 3-chloro-4- 
iodo-phenyl ring (Fig. 1A and fig. S1). IM1092 
inhibits cellular oxygen consumption (fig. SID) 
and exhibits a stronger inhibition of complex I 
catalysis in bovine heart mitochondrial mem- 
branes than phenformin and metformin [half- 
maximal inhibitory concentration (IC;9) in the 
membrane is more than 10 and 2000 times lower, 
respectively, depending on the conditions; Fig. 
1, B and C]. Its behavior is thus consistent with 
the reported correlation between biguanide 
inhibitory potency (ICs;,) and hydrophobicity 
(logP) (28). 

Mammalian mitochondrial membranes “as- 
prepared” contain a mixture of active and 
deactive complex I. In the deactive state, an 
important structural feature of the Q-channel, 
the loop between TMH1 and -2 in subunit 
ND3 (ND3 TMH1-2 loop) that carries Cys”? is 
disordered (24, 25), but in the active state, it 
is ordered and Cys”? is buried (23, 25, 29, 30). 
The two states can be discriminated biochem- 
ically by their sensitivity to N-ethyl maleimide 
(NEM), which derivatizes ND3-Cys”? in the de- 
active state, preventing catalysis, but leaves the 
active state unaffected. We found biguanide 
inhibition depends on the amount of the de- 
active state present in membranes (Fig. 1B). 
As-prepared membranes incubated with both 
200 uM IM1092 (10 x ICs9) and NEM at 4°C 
exhibited essentially the same deactive con- 
tent as biguanide-free controls (fig. S2A), in- 
dicating that biguanides do not shift the 
deactive:active population equilibrium in this 
condition. Furthermore, biguanide inhibition 
is stronger at higher pH (Fig. 1C). As biguanides 
[pK, ~11 (where K, is the acid dissociation 
constant) (32] remain singly protonated at all 
pH levels tested, the pH dependence likely arises 
from changes in the protein, such as in local 
charges on residue side chains or phospholipid 
headgroups, or conformational changes. Hav- 
ing established that IM1092 inhibits cellular 
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oxygen consumption and shares the same se- 
lectivity for inhibiting catalysis by binding to 
the deactive state of complex I that is observed 
for antidiabetic biguanides, as well as the same 
pH-dependent mode of action, we proceeded 
with this tighter-binding synthetic biguanide 
as arepresentative model compound for struc- 
tural studies for the technical reasons outlined 
previously. 

To investigate the selectivity of biguanides 
for different states, IM1092 was added to the 
mixed population of states in the purified rest- 
ing enzyme, without purposeful deactivation, 


for cryo-EM. No substrates were added be- 
cause inhibition is weaker when biguanides 
are added during catalysis, rather than before 
(12). IM1092 has an ICs9 value of 86 uM for 
catalysis of detergent-solubilized, purified bo- 
vine complex I (fig. S2B), and cryo-EM grid 
conditions with 350 uM IM1092 were chosen 
to maximize binding within the limits of pH- 
and biguanide-induced protein aggregation at 
high concentrations (fig. S2). When purified 
complex I (fig. S3) was incubated in the same 
conditions as for cryo-EM grid preparation and 
then diluted into inhibitor-free assay buffer, 98% 
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of the control catalytic rate was recovered (fig. 
S2F), demonstrating full reversibility of inhi- 
bition under this condition. 


Overview of cryo-EM particle populations 


A total of 17,203 micrographs collected from a 
single cryo-EM grid yielded 598,287 good par- 
ticles, which refined to an estimated global res- 
olution of 2.1 A (fig. $4), but with such a high 
degree of heterogeneity that it was not possible 
to model parts of the map. Subsequent global 
classification yielded three major classes resem- 
bling the active and deactive states mentioned 


Fig. 1. Characterization of biguanide effects on 
catalysis and regions of structural interest. 

(A) Chemical structures of metformin, phenformin, 
and IM1092 in monoprotonated form. (B) Correlation 
between membrane deactive complex | content 

and |Cso for metformin (gray), phenformin (teal), and 
IM1092 (orchid). Error bars represent SEM for 
deactive content and 95% confidence intervals for 
ICso. Data are fit to an exponential regression for 
visualization. (C) Effect of pH on ICs in bovine 
heart membranes for metformin (gray), phenformin 
(teal), and IM1092 (orchid). 9D, pH 9 deactivated 
membranes; 9D(i), pH 9 deactivated membranes 
measured in the presence of antimycin A to inhibit 
complex III and the alternative oxidase to oxidize quinol 
by a different route, confirming inhibition is on complex I. 
Error bars represent 95% confidence intervals. 


Table 1. Key characteristics of classes presented in this work. Unclear, unclear binding position, but confident identity; unidentified, the presence of 


density of unknown nonprotein origin. 


Model Classification scheme 


Active inhibitor-free Inhibitor-free (fig. S5) 


352 
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PDB ID Q-channel 


(C-Crrask) 


7QSD No density 


Unidentified 


Unidentified 


1092-bound (0.68) 


092-bound (0.71) 


ND5 and NDUFB4 interface 


Features 


ND2, NDUFB5, and NDUFA11 
(C-Crnask) 
NDUFC2 N terminus 


M1092-bound (0.52) 


1092-bou 


M1092-bound (0.68) 
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above and a state called slack (supplementary 
text), which is of unknown functional relevance 
but has been described previously in cryo-EM 
studies of bovine complex I (22, 24, 25). Inhibitor- 
free reference maps of bovine complex I from 
separate inhibitor-free preparations in deter- 
gent [figs. S5 and S6 and EMD-37231 (24)] were 
used for comparison to identify and evaluate 
features found in the maps with IM1092 present. 
Three regions of interest are (i) densities occupy- 
ing the Q-channel; (ii) unusually poor density in 
a portion of the C-terminal lateral helix in sub- 
unit ND5 and the adjacent subunit NDUFB4; 
and (iii) altered density at the expected po- 
sition of the NDUFC2 subunit N terminus. 
Different classification strategies were tested 
to disentangle the different states and IM1092 
interactions, leading to implementation of 
a “local-first” classification regime (supplemen- 
tary text) used in two separate schemes to 
describe 12 distinct classes (Table 1 and figs. 
S7 to S9). 


Biguanide-binding site 1: 

Ubiquinone-binding channel 

Density was observed in the Q-channel, close to 
its entrance from the membrane, in all three 
major classes. Using local-first classification 
(fig. S7), we separated the particles into one 
active class (Active-1092-i; fig. S10), three de- 
active classes (Deactive-1092-i, -ii, and -iii; figs. 
S11 to S13), and two slack classes (Slack-1092-i 
and -ii; Table 1 and figs. $14 and S15). The ma- 
jor classes were assigned by global comparisons 
to reference maps and key local features (table 
S1 and supplementary text). Densities for IM1092 
in the Q-channel are clear in the Deactive-1092-i, 
-ii, and -iii and Slack-1092-ii maps (Fig. 2, C to 
E and H, and figs. S16 and S17), and the cross- 
correlation fits (C-Cask) (32) for the fit of the 
IM1092 molecule into its density were high (0.66 
to 0.72) (Table 1). In Slack-1092-i, although the 
density is consistent for the chloro-iodo-phenyl 
moiety, the biguanide moiety of the putative 
IM1092 molecule was insufficiently resolved 
to confidently model its orientation (Fig. 2G). 
The density in the Active-1092-i map occupies 
a position similar to that of the densities ob- 
served in the other classes (Fig. 2F), but a smaller 
additional density feature is also observed fur- 
ther into the Q-channel so that, together, they 
resemble density observed in the Q-channel of 
the active-apo (inhibitor-free) class of bovine 
complex I in nanodiscs (EMD-14133) (22). 
With an IM1092 molecule refined in different 
orientations into the density in the Active- 
1092-i map near the Q-channel entrance, C- 
Cmask Values are low (<0.5), and the shape of 
the density was visibly a poor fit; the second 
density was too small and featureless to as- 
certain its origin, and the identity of these two 
densities remain unconfirmed. Overall, ~45 
to ~60% of the total population and ~56 to 
~75% of the (deactive and slack) population 
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presents clear evidence of IM1092 occupying 
the Q-channel. 

In the deactive and slack states, IM1092 binds 
in an amphipathic site straddling two zones of 
the Q-channel: the hydrophobic region next to 
the exit (Fig. 2A) and the charged central re- 
gion of the channel (33). The chloro-iodo-phenyl 
group of IM1092 points toward the channel 
exit (Fig. 2A), forming weak halogen bonds 
from the Cl to the ND1-Pro*® carbonyl and 
from the I to the S of ND1-Met””’, as well as 
van der Waals interactions with ND1-Phe?*, 
ND1-Phe?”°, ND1-Leu®’, and NDUFS7-Trp*®. 
The halogen bonds are specific to IM1092, rel- 


Active-1092-i 


Slack-1092-i 


ative to phenformin, likely contributing to its 
higher binding affinity; and metformin, which 
lacks the phenyl ring, is not stabilized by the 
above interactions or by 1-stacking to NDI- 
Phe7”*, consistent with its much lower binding 
affinity. The biguanide moiety faces into the 
channel, toward the charged region, and adopts 
arange of different orientations (Fig. 2, C to 
E and H). In the Deactive-1092-i and Slack- 
1092-ii states, it forms a cation-z interaction 
with NDUFS7-Trp” and, in the Deactive-1092-i 
state, a weak ionic interaction with the ND1- 
Glu** carboxyl also. In the Deactive-1092-ii 
and -iii states, its orientation brings it closer 


Deactive 


NDUFS7 


Slack-1092-ii 


Fig. 2. Binding of IM1092 in the Q-channel. (A) Overview showing the location of the biguanide-binding 
site and inset showing a closer view and bonding interactions of the chloro-iodo-pheny! group for 
Deactive-1092-i. Orange arrow shows the route for exit from the Q-channel into the lipid bilayer. (B) Overlay 
of models for the Active-1092-i; Deactive-1092-i, -ii, and -iii; and Slack-1092-i and -ii states, aligned to 
subunit ND1, showing the location and variability of biguanide-binding orientations and relative position of 
NDUFS7-Arg’”. NDUFS7-Arg”” and ND1-Phe~* are white in the active models, mint or orchid in the 

slack models, and black in the deactive models. (C to H) Cryo-EM difference map densities (composite 
versus models) for biguanides bound to Deactive-1092-I (C), Deactive-1092-ii (D), Deactive-1092-iii (E), 
Active-1092-i (F), Slack-1092-i (G), and Slack-1092-ii (H). The insets show the difference map density for 
the biguanide for each model shown. Biguanides are not modeled in (F) and (G), owing to uncertainties in the 
ligand identity or orientation. Side-chain and ligand density for (C) to (H) are shown in fig. S16. 
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to ND1-Glu™, and it forms a hydrogen bond 
with the ND1-Tyr”’ hydroxyl. In each state with 
modeled biguanide, the experimental IM1092 
map density at higher thresholds is consistent 
with a mixture of inhibitor binding poses. 

Notably, the conformation of the biguanide- 
binding region of the Q-channel differs between 
the three major states (27-23), regardless of 
whether an inhibitor is bound (Fig. 2B). No- 
tably, NDUFS7-Arg” swings in an arc from its 
position in the active state, with its side chain 
pointing toward the Q-channel exit, to point 
approximately toward cluster N2 in the de- 
active state, adopting an intermediate position 
in the slack state (Fig. 2B). The NDUFS7-Arg”” 
guanidinium is ~7 A (slack) and 10 to 14 A (de- 
active) away from the bound biguanide (N-N 
distance), but only ~4 A away when IM1092 is 
refined into the density in the Active-1092-i 
map in the same orientation, indicating that 
repulsion between their positive charges may 
disfavor biguanide binding in the active state. 

Available Protein Data Bank (PDB) models 
for mammalian, fungal, bacterial, and plant 
complexes I were compared to assess the con- 
servation of key residues interacting with the 
biguanide moiety; NDUFS7-Trp*“, ND1-Glu™*, 
ND1-Tyr*”*, and NDUFS7-Are” are conserved 
in all species surveyed. The only high-quality 
reported human mutation in these residues in 
the ClinVar database (34) is the ND1-E24K 
(Glu**—Lys) mutation associated with Leber 
hereditary optic neuropathy-mitochondrial en- 
cephalopathy, lactic acidosis, and stroke-like 
episodes (LHON-MELAS) overlap syndrome 
(35). Human mutations of the residues involved 
in the biguanide-binding site are therefore rare, 
consistent with their important role in enzyme 
function. Because they are mitochondrially en- 
coded and/or essential for function, these re- 
sidues cannot easily be artificially mutated in 
a mammalian system. Methods for mutating 
mitochondrial DNA are advancing, but site spe- 
cificity and the efficiency of reaching homoplas- 
mic edits remain challenging (36). 


Biguanide interaction site 2: ND5 lateral helix 
and NDUFB4 interface 


Transmembrane subunit ND5 contains an un- 
usual long helix that runs laterally alongside 
ND4 and ND2, which has been proposed to 
either stabilize the proton-pumping modules 
or act as a transmissive element in proton 
pumping (37). Substantial evidence of disorder 
at the ND5 lateral helix-subunit NDUFB4: in- 
terface was observed in preliminary maps, so 
the dataset was subject to a separate local-first 
classification that focused on this region (figs. 
S8 and S18). The strategy yielded three major 
classes: one with a typical well-ordered ND5 
lateral helix and NDUFB4 and two with dis- 
tortion or disordering of ND5 residues 547 to 
564 and nearby NDUFB4 residues 77 to 92. 
The classes were further separated into Active- 
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Fig. 3. Biguanide-induced distortion and disordering of the ND5 lateral helix and NDUFB4 loop. 

(A) Location of the structure disturbance and two views of the model of Deactive-1092-iv with hydrogen- 
bonding interactions indicated with black dotted lines and distances indicated. Orchid, NDUFB4; teal, ND5; 
orange, NDUFAII; dark gray, NDUFB8. Side-chain density for this region of Deactive-1092-iv is shown in 

fig. S18. (B to D) Models and composite cryo-EM maps for Active-1092-ii (B), Active-1092-iii (C), and Active-1092-iv 
(D) showing progressive disordering within the series. Details of m-bulge stabilizing interactions and equivalent 
disordering for the deactive states (Deactive-1092-iv, -v, and -vi) are shown in fig. S18. 


1092-ii, -iii, and -iv (figs. S19 to S21); Deactive- 
1092-iv, -v, and -vi (Table 1 and figs. S22 to S24); 
and three slack classes, which all displayed poor 
density for the downstream ND5 lateral helix 
and were not further investigated. Overall, ~65% 
of the protein population was perturbed in this 
region, with similar proportions observed for 
active, deactive, and slack (~52, ~66, and ~58%, 
respectively). Deactive classes with a disrupted 
helix exhibit a small “opening” of the angles be- 
tween the membrane and hydrophilic domains 
and distal and proximal membrane domains 
compared with their better-ordered equivalents 
(fig. S25 and supplementary text). 

This interesting region of the usually well- 
ordered ND5 lateral helix does not form a 
perfect o helix even in inhibitor-free active or 
deactive mammalian enzyme structures (27-25). 
The Active-1092-ii and Deactive-1092-iv mod- 
els match the well-ordered inhibitor-free active 
model in this region. Two 1-bulges (fig. S18) are 
stabilized by interactions between the lateral 
helix and nearby waters and by ionic and hy- 
drogen bonding to ND4 (Fig. 3A, right). 

In Active-1092-iii and Deactive-1092-v (re- 
ferred to as displaced), a short portion of the 
ND5 lateral helix is altered: Lys**” to Ser®”° are 
disordered, and an interruption of the helical 
structure at Leu®? to Pro®*® allows a short 
stretch of helix (residues 550 to 559) to move 
outwards, away from the complex, and later- 
ally, along the membrane plane (Fig. 3 and fig. 
S18). A loop in NDUFB4 at residues 78 to 83, 


which usually wraps around the lateral helix, 
becomes disordered from Pro” to Leu”. In 
Active-1092-iv and Deactive-1092-vi (referred 
to as disordered), the whole ND5 region from 
Lys**” to Lys*** appears disordered, along with 
the NDUFB4 loop described previously (Fig. 
3D and fig. S18). Although not observed in the 
detergent-solubilized protein, the bovine enzyme 
in nanodiscs (22) contains two phospholipids 
near to the distorted region. No nearby density 
features can be interpreted as a tightly bound 
biguanide. Considering the positive charge on 
IM1092, it may interact with ND5-Asp*™ and/or 
Glu®®, thereby disrupting hydrogen bonding 
from the lateral helix to subunit ND4, or interact 
with nearby stabilizing phospholipids. Gen- 
erally, x-bulges are energetically unfavorable 
elements (38) that require stabilization by hy- 
drogen bonding to polar side chains or water 
molecules (39). The strained nature of this region 
may make it particularly prone to destabilization 
by guanidium-like biguanides. No mutations 
of Asp*™ or Glu”? are observed in the ClinVar 
database (34), and acidic residues in these posi- 
tions are conserved in current mammalian and 
plant structures, which suggests their important 
role in stabilizing the membrane domain. 


Biguanide-binding site 3: ND2, NDUFB5, 
and NDUFA11 


Density that matches IM1092 was observed in 
a pocket formed by subunits ND2, NDUFB5, 
and NDUFAII on the intermembrane-space 
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Fig. 4. Location of the biguanide binding at the ND2-NDUFB5-NDUFA11 interface. (A) Overall location of 
the binding site. Purple, NDUFC2; teal, ND2; orange, NDUFBS. (B) Overlay of all models aligned to ND2. White, 
NDUFAII; Val-140-C, C terminus of NDUFAIL. (€) Surface representation (Active-1092-ii model) showing subunit 
NDUFC2 in cartoon, with atoms shown for IM1092. (D) Same view from the active inhibitor-free model showing 
the atoms from residues 1 to 7 of NDUFC2. Local interactions and density for the individual maps and models are 


shown in figs. S26 and S27. 


side of the enzyme (Fig. 4 and figs. S26 and S27). 
The pocket is occupied by the N-terminal seven 
residues of NDUFC2 in the inhibitor-free en- 
zyme, both in n-dodecyl-B-D-maltoside (DDM) 
and in all states of the bovine enzyme in nano- 
discs (22). The NDUFC2 N terminus is displaced 
by the biguanide, with inhibitor densities ob- 
served in most classes in this study (figs. S26 
and 827). The biguanide moiety is stabilized by 
an ionic interaction with ND2-Glu*” and by 
hydrogen bonds with the ND2-Tyr'®® back- 
bone carbonyl, ND2-Thr’”? hydroxyl, ND2-Asn’” 
side chain, and NDUFAII-Val™ C-terminal car- 
boxyl, as well as nearby water molecules re- 
solved in some maps (figs. S26 and S27). The 
IM1092 bound in this site does not interfere 
with any known catalytically relevant struc- 
tural elements in the complex and so is likely 
to represent a noninhibitory interaction. 


Independence of interaction sites 


The two local classification schemes used (figs. 
S7 and S8) each yielded six models, and a 
summary of their key features is shown in 
Table 1. All six classes from Q-channel clas- 
sification (fig. S7) had poor density for the 
ND5-NDUFB4 interface, consistent with a 
mixture of the three lateral helix states being 
represented there. Overall, ~65% of the im- 
aged protein population is disrupted in this 
region (fig. S8), and disorder is observed in 
all three major classes, as well as in states with 
(e.g., Deactive-1092-i) or without clear binding 
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of IM1092 at the Q-channel (Active-1092-i). Fur- 
thermore, in the classes from the lateral helix 
classification (fig. S8), density for IM1092 was 
observed in the Q-channel of deactive classes 
with both ordered and displaced lateral helix. 
Taken together, biguanide binding in the Q- 
channel and the state of the lateral helix are 
not correlated. IM1092 is observed in the ND2, 
NDUFB5, and NDUFAII pocket regardless of 
the occupancy of the Q-channel or the status of 
the lateral helix (Table 1). Therefore, the three 
interaction sites are independent of one other. 


Discussion 
Biguanide access to complex | binding sites 


Substantial inhibition of complex I in vivo re- 
quires the biguanide positive charge, an in- 
herent feature of the two cojoined guanidinium 
moieties at physiological pH (31), to drive 
biguanide accumulation in the mitochondrial 
matrix (40) by up to 1000-fold relative to the 
cytosol in response to the mitochondrial PMF. 
This mitochondrial concentrating effect makes 
the intramitochondrial biguanide concentra- 
tion sufficient for the inhibition of targets with 
only relatively weak biguanide affinity, such as 
complex I, making them as potentially rele- 
vant as targets outside of the mitochondrial 
matrix that exhibit greater intrinsic affinities, 
such as rat mGPD (10). Recent work has ques- 
tioned mGPD itself as a therapeutic target be- 
cause metformin was found to be noninhibitory 
against the human enzyme (4). All three inter- 


action or binding sites described in complex I 
contain acidic residues close to the membrane- 
aqueous interface, suggesting that IM1092 ac- 
cesses them from the membrane, likely with 
the chloro-iodo-phenyl group acting as an an- 
chor into the hydrophobic membrane core 
and the hydrophilic biguanide moiety inter- 
acting with the negatively charged phosphate 
headgroups, as proposed previously (42, 43). 
The most likely route of access for hydrophobic 
biguanides to the Q-channel is therefore via the 
matrix-facing phospholipid leaflet. Although 
the Q-channel is reproducibly well ordered in 
the active state, deactive (or slack) states have 
mobile regions of the Q-channel loops that 
face the mitochondrial matrix (21-24, 44), so 
it is also possible that the Q-channel may be- 
come exposed to the matrix in these states, 
providing an alternative route for hydrophilic 
biguanides with poor membrane solubility, 
such as metformin, to enter the Q-channel. 


Major inhibitory site and selectivity for the 
deactive state 


Biguanides, including IM1092 and the anti- 
diabetic compounds metformin and phenformin, 
all share a preference to bind to the deactive 
state of complex I. This behavior is not observed 
for any other class of complex I inhibitor, and 
we expect all three biguanides to share the 
same inhibitory binding site and mode of ac- 
tion. In comparison with canonical hydropho- 
bic complex I inhibitors such as rotenone, 
biguanides are relatively hydrophilic, water- 
soluble molecules that are unlikely to bind in 
highly hydrophobic or membrane-intrinsic 
sites. We suggested previously that metformin 
might interact at the junction of the hydro- 
philic and hydrophobic domains where a set of 
mobile elements (in subunits NDUFS7, NDUFS2, 
ND3, and NDI) change their conformation be- 
tween the active and deactive states by bind- 
ing to a resting state and preventing a return 
to catalysis (12). Our structures now demon- 
strate that the biguanide-binding site is inside 
the Q-channel, in a region that likely becomes 
exposed to the matrix in the deactive state, 
and adjacent to the mobile element in NDUFS7 
that carries Are” and that switches its confor- 
mation between the active and deactive states. 
In the Q-channel, IM1092 binds in an am- 
phipathic region with the biguanide moiety 
stabilized by hydrogen bonding, cation-x inter- 
actions, and ionic bonding, and the hydropho- 
bic chloro-iodo-phenyl group is stabilized by 
weak halogen bonding and van der Waals in- 
teractions. These additional stabilizing inter- 
actions between the hydrophobic portion of the 
Q-binding site and hydrophobic biguanides 
explain the relationship observed previously 
between biguanide hydrophobicity and inhib- 
itory potency (72). Other neutral and highly 
hydrophobic ligands (DDM, cholate, rotenone, 
and IACS-2858) have also been observed binding 
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in overlapping sites in various protein states 
(fig. S28) (21, 22, 45). Yet biguanides remain 
distinctive inhibitors in their state selectivity, 
shown here and previously (16). Of the other 
inhibitors, only rotenone has been demon- 
strated to bind to a deactive-like open state, 
but the binding was not state specific (27) and 
the protein interactions and in vivo effects of 
biguanides and rotenone are different (46, 47). 

Despite the locations of the biguanide- and 
ubiquinone-binding sites overlapping, met- 
formin does not display classical competitive 
behavior (12). This is likely because neutral, 
hydrophobic inhibitors such as piericidin A, 
IACS-2858, and acetogenin (45, 48, 49) com- 
pete for (active-like) enzyme states capable of 
forming the Michaelis complex, but biguanide 
binding occurs most readily in deactive-like 
states that are not preorganized, owing to dis- 
ordering of the Q-channel loops in NDUFS2, 
ND3, and NDI (24). The deactive state of com- 
plex I is stabilized by high pH (50), and we see 
a strong correlation between pH and inhibi- 
tory potency. Weak biguanide inhibition of 
active complex I could originate either from 
binding to the Q-channel or from an inhib- 
itory nature to the ND5 lateral helix interac- 
tion. The conformation of the NDUFS7 B1-82 
loop that contains Arg” differs between the 
active, deactive, and slack states. Biguanides 
bind 7 to 14.A from Arg” in deactive and slack 
states, but the arginine guanidinium position 
is shifted relative to the positions in the DDM- 
and cholate-bound bovine nanodisc deactive 
and slack states (PDB IDs 7QSM and 7QSO) 
(fig. $28) (22). In all active models, Arg” is much 
closer to the putative biguanide-binding site 
(Fig. 2B), presenting a source of steric hin- 
drance and charge repulsion that acts against 
strong inhibitory binding and explains the 
preference of biguanide inhibitors to bind to 
NEM-sensitive (deactive) complex I [manifest- 
ing as a lower ICs, for deactivated complex I 
(Fig. 1B) (16)]. Biguanides are less powerful 
inhibitors when added during catalysis rather 
than before (72), and metformin has been pro- 
posed to act by slowing down activation (57) 
rather than by classical inhibition. Our data 
support an inhibitory mode that primarily acts 
by preventing reactivation of the resting de- 
active state, and we conclude that the major 
inhibitory interaction site of biguanides is the 
Q-channel. 


Local chaotropic drug-protein interactions 


A key feature of biguanide interactions with 
complex I is the displacement and disordering 
of a portion of the ND5 lateral helix. This type 
of localized disruption has not been observed 
previously but may be facilitated by nonspe- 
cific interactions with phospholipids (42). 
Considering the similarity of biguanides to the 
well-known chaotrope and protein denaturant 
guanidinium, the biguanide may be attracted 
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to the negatively charged ND5-Asp*™ and 


ND5-Glu°”? and specifically destabilize the 
hydrogen-bonding networks between the lat- 
eral helix and subunit ND4. In particular, 
biguanide binding could weaken the inter- 
actions of the lateral helix n-bulge segment, 
allowing secondary structure shifts to form 
an a helix and a disordered loop. After this 
process, the unraveled segment of the helix 
would no longer provide lateral support to 
keep the strained junction between ND2 and 
ND4 (52) tightly together, explaining the slight 
“opening” of the proximal and distal mem- 
brane domain interface (fig. $25). Protein sta- 
bility assays (fig. S2) suggest that complex I is 
stabilized close to the IM1092 IC; ranges but 
is destabilized at higher concentrations, and 
we interpret this behavior to indicate that bind- 
ing to the Q-channel (and/or ND2-NDUFB5 in- 
terface) stabilizes the protein and that chaotropic 
action occurs at higher concentrations. Our 
structures in this study are in a detergent micelle 
with tightly bound lipids present, and the chao- 
tropic interaction site we observe is within the 
phospholipid headgroup plane. Notably, any 
inhibitory consequences of structural distur- 
bance in this study are fully reversible, which 
is demonstrated by full recovery of activity 
after inhibitor dilution (fig. S2F). We propose 
that biguanides such as metformin, phenformin, 
and related drug leads could exert similar local 
chaotropic actions on any number of cellular 
proteins, especially membrane proteins, to in- 
hibit or stimulate their usual functions, present- 
ing a novel mode of enzyme-drug interaction 
and a potential explanation for the breadth of 
biguanide targets identified thus far. 


Implications for in vivo mechanism of action 


Although other complex I inhibitor classes have 
been proposed as possible therapeutic com- 
pounds (53-56), biguanides appear to offer a 
lower toxicity profile than neutral species such 
as rotenone, with reduced risk of Parkinsonism 
(47). The key factor may lie in self-limitation of 
action in the form of negative feedback at the 
organelle level, meaning that their mechanism 
of action lowers the risk of complete inhibi- 
tion of the respiratory chain. The membrane 
potential leads to increased concentration of 
biguanides at the complex I site of action, 
but as complex I is inhibited, the membrane 
potential falls (57), creating an equilibrium 
that limits the concentration and therefore the 
degree of inhibition. Toxicity may also be in- 
fluenced by the ready reversibility of biguanide 
inhibition seen here and previously (12), com- 
pared with the irreversibility of very hydropho- 
bic, neutral compounds. In vivo, the active-like 
state that binds canonical inhibitors is expected 
to be prevalent in normal tissues (44), where 
the opportunities for biguanides to inhibit may 
be restricted to the weak binding observed in 
this study against active-like states, or to the 


binding of putative catalytic intermediates 
where NDUFS7-Arg” has moved away from 
the inhibitory binding site. The deactive state 
of complex I forms during oxygen starvation 
(5D, such as during ischemia (2) and in solid 
tumor microenvironments (58). Discrimina- 
tion of biguanides for this state means that, 
unlike canonical inhibitors, hypoxic tissues 
can be selectively targeted with less risk of 
also compromising mitochondrial respira- 
tion in tissues with normally functioning (active) 
complex I. In such low-oxygen environments, 
only complex I in the active state may work 
in the reverse direction, using the PMF and 
ubiquinol to drive NAD* reduction and reac- 
tive oxygen species production (57). By targeting 
the deactive state formed in these environ- 
ments, preventing reactivation, biguanides may 
diminish reactive oxygen species production 
by reverse electron transfer, as has been ob- 
served previously for metformin (59). 

Metformin has proven to be a safe and ef- 
fective biguanide for diabetes treatment, and 
our data now provide a structure-based ratio- 
nale for its mode of action on complex I. This 
work also offers a basis for future structure-based 
biguanide drug design for the state-specific 
inhibition of complex I for other potential ther- 
apeutic applications (such as cancer treatment) 
in which metformin has been less successful, 
as well as improved prediction of additional 
protein target binding sites for biguanide 
drugs. 
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CRYSTALLINE ORDERING 


Truchet-tile structure of a topologically aperiodic 


metal-organic framework 
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Samuel G. Duyker*, Arianna Minelli?, Tom Pope®, Giovanni Orazio Lepore®, Ben Slater®, 
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When tiles decorated to lower their symmetry are joined together, they can form aperiodic and labyrinthine 
patterns. Such Truchet tilings offer an efficient mechanism of visual data storage related to that used 

in barcodes and QR codes. We show that the crystalline metal-organic framework [OZn,][1,3- 
benzenedicarboxylate]3 (TRUMOF-1) is an atomic-scale realization of a complex three-dimensional 
Truchet tiling. Its crystal structure consists of a periodically arranged assembly of identical zinc- 
containing clusters connected uniformly in a well-defined but disordered fashion to give a topologically 
aperiodic microporous network. We suggest that this unusual structure emerges as a consequence 

of geometric frustration in the chemical building units from which it is assembled. 


n 1704, Sébastian Truchet described a var- 
iety of visually appealing patterns generated 
by a single square tile painted differently 
on either side of its diagonal (7). Truchet 
always arranged his tiles on the same 
square lattice but obtained different patterns 
by varying the orientations of each tile. Truchet 
tilings have been generalized to encompass 
any periodic covering of space (partial or com- 
plete) with one or more tiles that have been 
decorated to reduce their symmetry (2). Break- 
ing color-inversion symmetry, for example, 
gives barcodes and QR codes as simple Truchet 
tilings in one and two dimensions, respec- 
tively. Each strip or pixel encodes a binary 
state that is exploited in their application as 
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machine-readable information stores (Fig. 1A). 
More-complex Truchet tilings store informa- 
tion in aperiodic patterns of loops and net- 
works in two or three dimensions (Fig. 1, B 
and C) (3). 

Because the solid-state structures of many 
crystalline materials can be related to periodic 
tilings of three-dimensional (3D) space (4), 
we explored the possibility of realizing an 
atomic-scale Truchet tiling in metal-organic 
frameworks (MOFs), the structures of which 
can be controlled through judicious selection 
of the nodes and linkers from which they are 
assembled (5). In the canonical system MOF-5 
[OZn,][1,4-bdc];, the combination of OZn, as 
the octahedrally coordinating node and ben- 
zenedicarboxylate (bdc) as the connecting linker 
generates a structure with the simple cubic 
topology (6). This structure can be mapped to 
the tiling of space by cubes (7). 


Synthesis and characterization of TRUMOF-1 

Greater complexity can be introduced into 
MOFs by lowering the symmetry of their 
building blocks (8, 9), and we synthesized a 
new derivative of MOF-5 in which the linear 
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Fig. 1. Representative Truchet tilings. (A) Barcodes 


information in tilings of strips or pixels that break color-inversion symmetry. The 


average tile color, gray, is invariant under color inversi 
pixels (examples outlined in red) store information in 
inversion symmetry is broken. The patterns formed a 
sense that individual tiles are lower in symmetry than 


average. (B) Decorating square tiles with a single arc can generate Truchet tilings 


with curved paths. The positions of the square tiles a 


1,4-bdc linker was replaced by its bent 1,3-bdc 
analog. The crystalline material that we ob- 
tained, which we call TRUMOF-1, produced 
an x-ray diffraction (XRD) pattern that in- 
cluded both conventional Bragg diffraction 
reflections and very weak diffuse scatter- 
ing. Because the underlying chemistries of 
TRUMOF-1 and MOF-5 were so similar, we 
anticipated that the composition of TRUMOF-1 
should be [OZn,][1,3-bdc]3. Structure solution 
from the Bragg component (sensitive only to 
the configurational average) gave the result 
shown in Fig. 2A: [OZn,] clusters were posi- 
tioned at the corners and face centers of the 
F43m cubic unit cell and connected by what 
appeared to be trigonally symmetric linker 
molecules that were only partly occupied. Dis- 
tinguishable in the Fourier maps at the linker 
sites are benzene C atoms and carboxylate C/ 
O atoms, the occupancies of which we re- 
fined to values of 0.70(4) and 0.46(3), respec- 
tively. These occupancies implied a crystal 
composition of [OZn4][1,3-bdc]» 2) and are 
near the values (0.75 and 0.5) expected for 
the idealized composition [OZn,][1,3-bdc]s3. 
The configurational averages of Truchet til- 
ings necessarily contain features with partial 
occupancies (Fig. 1). 

We were able to synthesize TRUMOF-1 in 
bulk, and powder samples produced XRD pat- 
terns entirely consistent with our single-crystal 
measurements (fig. S6). The framework pores 
of as-synthesized samples contained solvent 
that could be exchanged with other solvents 


ES -HR AILS) 


and QR codes store 
Projecting any 
on, but individual strips or 
the way in which color- 

e Truchet tilings in the 
the configurational 


Truchet tilings 
undecorated ti 
the plane, the 


e translationally periodic, 


empty framework adsorbed a range of gases 
Gncluding CO.) and had a Brunauer-Emmett- 
Teller (BET) surface area of 765 m? ¢' (fig. 
$12). Its thermal stability was similar to that 
of MOF-5, but its adsorption enthalpies were 
about twice as large (figs. S4 and S13), which is 
indicative of the presence of smaller pores. In 
all of these various respects, TRUMOF-1 be- 
haves as a conventional MOF (J0). 

We interpreted the average crystal structure 
of TRUMOF-1 by first considering the partial- 
ly occupied ligand site. ‘H and °C nuclear 
magnetic resonance spectra of acid-digested 
TRUMOF-1 samples revealed the only bridg- 
ing ligand to be 1,3-bdc (fig. $2), so the crys- 
tallographic model must represent an average 
over three equally populated orientations of 
the 1,3-bdc linker (Fig. 2B). The emergence 
of an apparently threefold-symmetric ligand 
resulted from the crystallographic site having 
higher point symmetry than the linker itself. 
To give the chemically sensible stoichiome- 
try [OZn,][1,3-bdc]s, the site must also be 
vacant with 25% probability; note that this 
value was consistent with the observed site 
occupancies. 

By contrast, the OZn, cluster appeared 
ordered and fully occupied. The cluster was 
surrounded by 12 carboxylate anion sites, each 
occupied with 50% probability. Zinc K-edge 
extended x-ray fine structure (EXAFS) mea- 
surements showed the Zn coordination envi- 
ronment to be essentially identical to that in 
the octahedrally coordinated OZn, clusters 


or removed by heating under vacuum. The 
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of MOF-5 (71) (fig. S11). We incorporated this 


but the continuous pattern produced by the arc decorations is aperiodic. 

such tiling onto the underlying unit cell (shown in red) gives an 
average structure with pa 
occupancies of each of the four possible arc orientations. (C) More-complex 
can be generated using a combination of different decorated and 
es. In this particular example, based on the trihexagonal tiling of 
connected path of line decorations forms a single percolating 
network that spans the entire system. 


tial occupancies. For large systems, one expects equal 


finding into the crystallographic model in 
terms of a configurational average over 24 
symmetry-related octahedral-coordination 
decorations of the cluster (Fig. 2C). Again, 
each cluster decoration had lower point sym- 
metry than the crystallographic site on which 
the cluster sat (the carboxylate positions broke 
ideal octahedral symmetry; fig. S15). On purely 
geometric grounds, the various partial site oc- 
cupancies should be strongly correlated, because 
the orientation of a given cluster decoration 
placed strong constraints on which neighbor- 
ing 1,3-bdc linkers were present and in which 
possible orientations they could lie (72, 13). 


Mapping to a Truchet tiling 


Both local symmetry-lowering and orientational- 
matching rules allowed us to map the struc- 
ture to a 3D Truchet tiling, and we tested this 
model both computationally and experimen- 
tally. To obtain the underlying tiling, we used 
a Voronoi decomposition of the crystal struc- 
ture based on the average cluster and ligand 
positions. The two tile shapes so produced, a 
cube and a trigonal bipyramid, filled 3D space 
when placed on the TRUMOF-1 cluster and 
ligand sites, respectively. The Truchet decora- 
tions are given by the symmetry lowering im- 
plied by 1,3-bdc occupancies in the TRUMOF-1 
crystal structure (Fig. 2D). For example, each 
cube is decorated by a pseudo-octahedral ar- 
rangement of rods that capture the arrange- 
ment of carboxylate substituents around each 
OZn,, cluster. Likewise, three-quarters of the 
trigonal bipyramids were decorated by an arc 
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that reflected the bent linking geometry of a 
1,3-bde molecule. The remaining quarter of 
the trigonal bipyramidal tiles were left un- 
decorated. Four triangular bipyramids packed 
together to form a cube. Any combination of 
orientations of these different tiles, alternating 
on their respective sites, that produced a con- 
nected network then would relate to a chem- 
ically sensible model of 1,3-bdc-linked OZn,, 
clusters. Each of these clusters was octahe- 
drally coordinated by six 1,3-bdc linkers, and 
each 1,3-bdc linker connected exactly two clus- 
ters (Fig. 2E). There are infinitely many such 
networks. 

To test whether this Truchet-tile description 
of TRUMOF-1 is physically reasonable, we per- 
formed a series of ab initio density functional 
theory (DFT) calculations. Our approach was 
to calculate the geometry and cell-optimized 
0 K energies of periodic realizations (“approx- 
imants”) (14) of the system with increasingly 
large unit cells so as to understand the under- 
lying energetic landscape. There were only 
three symmetry-distinct 1 x 1 x 1 approxi- 
mants, that is, those with unit cells commen- 
surate with the (~15 A)’ cell of the average 
structure. Each relaxed to give a sensible struc- 
ture like that shown in Fig. 2E, with 10 distinct 
realizations giving equilibrium energies within 
a few kilojoules per mole of Zn of one another. 

The number of possible configurations grew 
very quickly with system size. For the 2 x 2 x 2 
case (32 formula units; 1696 atoms), there 
were too many possibilities to enumerate, so 
we focused on 20 representative realizations. 
These larger configurations spanned a wider 
range of energies and had more open struc- 
tures (Fig. 3A); the range of unit-cell volumes 
observed was characteristic of flexible MOF 
structures (15). Because the enthalpic differ- 
ences among these periodic TRUMOF-1 approx- 
imants were commensurate with solvent-binding 
enthalpies in zinc carboxylate MOFs (such as 
MOF-5) (16, 17), we expected that guest inclu- 
sion would reduce the spread of energies in 
practice because loading would be higher in 
the less-dense realizations. Therefore, we con- 
cluded that the configurational landscape 
accessible to TRUMOF-1 spanning different 
Truchet-tile arrangements involved many ther- 
mally accessible minima. This finding helped 
to explain why synthesis at ~400 K generated 
a disordered rather than an ordered config- 
uration. Aperiodic networks would also be fa- 
vored on entropic grounds. 


Single-crystal diffuse scattering 


The experimental measurement with the 
greatest sensitivity to structural disorder and 
its correlation in crystalline materials is single- 
crystal diffuse scattering (18). All disordered 
materials give rise to diffuse scattering, but 
the presence of structure in this scattering im- 
plies nonrandom disorder, and its form can be 
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Fig. 2. Crystal structure of TRUMOF-1. (A) Representation of the average structure of TRUMOF-1, with 
OZn,-centered clusters shown as red cuboctahedra and trigonally symmetric ligand sites shown as 

gray triangles. (B) Interpretation of the crystallographic model at the ligand site in terms of a configurational 
average over three 1,3-bdc orientations and 25% linker vacancies. C atoms are shown in black, O atoms 

in red, and H atoms are omitted for clarity. (©) Related interpretation of the inorganic cluster as an 
average over 24 octahedral cluster orientations. Colors are as in (B), with Zn atoms shown in gray. (D) The 


Truchet tiles used in our mapping correspond to (from left to right) the pseudo-octahedral inorganic 


cluster orientations, the 1,3-bdc linker orientations, and the positions of ligand vacancies. Connecting these 
tiles to fill 3D space forms networks that, like the patterns shown in Fig. 1, are aperiodic. Note that the 
trigonal bipyramids pack such that any four combine to form a cube of the same dimensions as the (red) 
cluster cube. (E) One possible 1 x 1 x 1 approximant of the TRUMOF-1 structure with atom coordinates 
and cell geometry optimized using DFT. Note that the cluster positions are as in (A), but not all linker sites 
are occupied. The relation between cluster and cubic Truchet tile is emphasized for one cluster; likewise, 


the connectivity between two clusters in the foreground and the corresponding link in the related 


ruchet 


tiling (D) are highlighted in green. (F) Representation of the (ordered) structure of MOF-5 in terms of its 
underlying tiling for comparison against that given for TRUMOF-1 in (D). 


diagnostic of specific correlations governing 
local structure (19, 20). The experimental x-ray 
diffuse scattering pattern of TRUMOF-1 was 
dominated by transverse-polarized diagonal 
features characteristic of correlated displacements 


(Fig. 3B) (21). Because we did not find any 
strong temperature dependence to the scat- 
tering, this contribution could be attributed 
predominantly to static displacements rath- 
er than to thermal effects. The corresponding 
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3D difference pair-distribution function (3D- 
APDF) captured the real-space correlations 
from which the diffuse scattering arose (Fig. 
3C) (22). The diffuse scattering and 3D-APDF 
calculated from our larger DFT-relaxed con- 


figurations closely matched experimental re- 
sults (Fig. 3, B and C), indicating that the 
Truchet-tile model from which these config- 
urations are generated captured the funda- 
mental nature of the correlated disorder in 


A 10 


8 
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Fig. 3. Computational and experimental validation of the TRUMOF-1 structure. (A) The relative lattice 
energies of different 1 x 1 x 1 (blue circles) and 2 x 2 x 2 (red squares) approximants are within a few 
kilojoules per mole of one another. Also included are the energies for geometry-optimized 2 x 2 x 2 supercells 
of two representative 1 x 1 x 1 approximants (yellow squares). The more-disordered configurations are 
those at higher energy, for which the molar volume is largest. (B) Comparison of experimental and calculated 
single-crystal x-ray diffuse scattering in the (left) (hkO) and (right) (hh/) planes. The Bragg reflection 
positions are masked by white circles. (©) Comparison between experimental and calculated r,ry0 cuts of 
the 3D-APDF. Positive correlations are shown in red and negative correlations in blue. (D) Comparison 
between the experimentally derived crystallographic model for scattering density at the ligand site at 100 K 
(left) and that obtained by projection of DFT-relaxed structures onto the same site (right). Ellipsoids are 
shown at 50% probability. 


Fig. 4. Disordered pore 
network structure. A rep- 
resentative planar fragment 
of a TRUMOF-1 structure 
model is illustrated viewed 
down the [111] crystal axis. 
Only those 1,3-bde molecules 
that link clusters within this 
plane are shown. Each cluster 
is connected to six neighboring 
clusters, some of which 

will be in planes above or below 
that shown here. The surface 
of the solvent-accessible 
pores is shown as a gray 
outline. Note that, despite 
the periodic arrangement of 
inorganic clusters, the pore 
network is disordered. There 
is a qualitative similarity to 
the network structure shown 
in Fig. 1C. 
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TRUMOF-1. The subtle differences were at- 
tributed to the finite size of our DFT model— 
and thus the sharpness of features in reciprocal 
space—and the role of dynamical effects, most 
obviously affecting low-|r| features in the 3D- 
APDF. We anticipate even better agreement 
for larger approximants (were they compu- 
tationally accessible), which would more close- 
ly approximate the aperiodic limit. A more 
detailed discussion of the sensitivity of the 
diffuse scattering to different aspects of our 
Truchet-tile model is given in the supplemen- 
tary materials. 

As a further check against experimental re- 
sults, we show in Fig. 3D that the distribution 
of atomic positions determined from config- 
urational averaging over our DFT configu- 
rations was consistent with the anisotropic 
displacement parameters determined in our 
single-crystal XRD refinements. Our mod- 
el indicated that static disorder contributed 
~0.1 A? to atomic mean-squared displace- 
ments in the F4.3m average structure model. 
A similar value was obtained by extrapo- 
lating to 0 K the experimental displacement 
parameters measured between 100 and 350 K 
(fig. S18). Therefore, our Truchet-tile model 
rationalizes at once both average and local 
structure measurements of the structure of 
TRUMOF-1. 


Discussion 


The topology of TRUMOF-1 is unusual in a 
number of respects. The MOF network is a 
fully six-connected net with nodes arranged 
on a periodic lattice (as in MOF-5), but its con- 
nectivity is aperiodic (in contrast to MOF-5). 
No two crystals would have the same net- 
work connectivity—that is, they store differ- 
ent information—despite sharing the same 
statistical properties. The system is interme- 
diate to conventional crystalline MOFs and 
amorphous MOF derivatives with continu- 
ous random network structures (23, 24). The 
topological aperiodicity of TRUMOF-1 may 
be important because it translates into a dis- 
ordered pore network with specific charac- 
teristics (25). We found that guest molecules 
were sensitive to this aperiodicity, because 
loading TRUMOF-1 crystals with I, enhanced 
the x-ray diffuse scattering contrast (fig. S9). A 
representative pore structure extracted from 
one of our DFT configurations is illustrated in 
Fig. 4. The complex transport pathways that 
we observed were qualitatively similar to those 
in gels (26) and granular porous media (27) 
and thus may be useful in separations. We 
found good consistency between experimental 
adsorption behavior and that calculated from 
grand canonical Monte Carlo simulations based 
on our structural model; as anticipated, the 
smaller pore dimensions relative to MOF-5 
reflect the stronger adsorption enthalpies of 
TRUMOF-1 (fig. S14). 
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There is no reason to expect that TRUMOF-1 
should be the only MOF with a Truchet-tile 
structure. Because every conventional periodic 
tiling can be modified to give Truchet tilings, 
suitable symmetry lowering of inorganic and 
organic building units should allow targeted 
synthesis of alternative Truchet MOFs. In- 
deed, the structures of some previously de- 
scribed MOFs (28) and related systems (29) 
with partially occupied and/or complex struc- 
tures might be reinterpretable as Truchet til- 
ings. We note that TRUMOF-1 was assembled 
from an inorganic component predisposed to 
forming extended network structures (30) and 
an organic component usually used in the for- 
mation of discrete molecular cages (37). The 
concept of geometrically frustrating the com- 
peting structure-directing effects of two syn- 
thons to drive a complex state may generalize 
beyond this particular system (32). The discov- 
ery of a crystalline Truchet-tile material allows 
experimental investigation of the impact of 
aperiodic connectivity on collective materials 
properties. Aperiodicity could frustrate elastic 
instabilities (33) or dampen long-wavelength 
acoustic phonons, as occurs in superlattice 
heterostructures (34) and as required for opti- 
mizing thermoelectric response (35). There- 
fore, Truchet-tile-inspired systems may provide 
a useful avenue for the design of a variety of 
functional systems. 
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BIOSYNTHESIS 


Complex scaffold remodeling in plant 


triterpene biosynthesis 


Ricardo De La Pefia't, Hannah Hodgson’+, Jack Chun-Ting Liu*{, Michael J. Stephenson‘, 
Azahara C. Martin®, Charlotte Owen?, Alex Harkess®, Jim Leebens-Mack’, Luis E. Jimenez’, 


Anne Osbourn“, Elizabeth S. Sattely’** 


Triterpenes with complex scaffold modifications are widespread in the plant kingdom. Limonoids 

are an exemplary family that are responsible for the bitter taste in citrus (e.g., limonin) and the active 
constituents of neem oil, a widely used bioinsecticide (e.g., azadirachtin). Despite the commercial 
value of limonoids, a complete biosynthetic route has not been described. We report the discovery of 
22 enzymes, including a pair of neofunctionalized sterol isomerases, that catalyze 12 distinct reactions 
in the total biosynthesis of kihadalactone A and azadirone, products that bear the signature limonoid 
furan. These results enable access to valuable limonoids and provide a template for discovery 

and reconstitution of triterpene biosynthetic pathways in plants that require multiple skeletal 


rearrangements and oxidations. 


mong numerous complex triterpenes that 
are found in the plant kingdom, limonoids 
are particularly notable given their wide 
range of biological activities and struc- 
tural diversity that stems from exten- 
sive scaffold modifications (J, 2). Produced 
by mainly two families in the Sapindales, 
Rutaceae (citrus) and Meliaceae (mahogany) 
(3), these molecules bear a signature furan and 
include more than 2800 known structures 
(4, 5). Azadirachtin, a well-studied limonoid, 
exemplifies the substantial synthetic chal- 
lenge for this group of molecules, with 16 
stereocenters and 7 quaternary carbons. Few 
synthetic routes to limonoids have been re- 
ported (6-8), and, more generally, complete 


biosynthetic pathways to triterpenes with ex- 
tensive scaffold modifications have remained 
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elusive. This lack of production routes limits the 
utility and biological investigation of clinical 
candidates from this diverse compound class (9). 

Around 90 limonoids have also been reported 
to have anti-insect activity (2), and several have 
also been found to target mammalian recep- 
tors and pathways (4). For example, azadirachtin 
(Fig. 1), the main component of biopesticides 
derived from the neem tree (Azadirachta 
indica), is a potent antifeedant, active against 
>600 insect species (9). Perhaps related to 
antifeedant activity, Rutaceae limonoids such 
as nomilin, obacunone, and limonin (Fig. 1) 
that accumulate in Citrus species at high 
levels (3) are partially responsible for the 
“delayed bitterness” of citrus fruit juice, which 
causes serious economic losses for the citrus 
juice industry worldwide (70). In mamma- 
lian systems, several limonoids have shown 
inhibition of HIV-1 replication (JJ) and anti- 
inflammatory activity (12). Some limonoids 
of pharmaceutical interest have also been 
associated with specific mechanisms of ac- 
tion: Gedunin (Fig. 1) and nimbolide (fig. S1) 
exert potent anticancer activity through Hsp90 
inhibition (13) and RNF114 blockade (4, 15), 
respectively. 

Limonoids are unusual within the triterpene 
class because of their extensive biosynthetic 
scaffold rearrangements. They are referred to as 
tetranortriterpenoids because their signature 
tetracyclic, triterpene scaffold (protolimonoid), 
loses four carbons during the formation of a 
signature furan ring to yield the basic C-26 


Hodgson, 
( De La Pena, et al.(20) 
d 


—_—_—> 


2,3-oxidosqualene melianol (1) 


1. C-30 methyl shift 


Fig. 1. Structures of Rutaceae and Meliaceae limonoids and proposed bio- 
synthetic pathway. We previously characterized three conserved enzymes from 
both Citrus and Melia species that catalyze the formation of the protolimonoid 
melianol (1) from 2,3-oxidosqualene (20). Additionally, conserved scaffold modifica- 
tions such as C-30 methyl shift, furan-ring formation, and A-ring modification are 
proposed to convert protolimonoids to true limonoids. Beyond this, Rutaceae 
limonoids differ from Meliaceae limonoids in two key structural features: seco-A,D 


ring and C-7 modification, which are proposed to be the 


Meliaceae-specific modifications. Exceptions to this rule could potentially arise 
from late-stage species-specific tailoring (fig. S43). Rutaceae limonoids are derived 
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Scaffold modifications 


2. Furan-ring formation 
3. A-ring modification 


limonoid structure (Fig. 1). A range of mod- 
ifications can then occur to the basic limonoid 
scaffold through the cleavage of one or more 
of the four main rings (fig. S1) (16, 17). Radio- 
active isotope labeling studies suggest that 
most Rutaceae limonoids are derived from a 
nomilin-type intermediate (seco-A,D ring scaf- 
folds), whereas Meliaceae limonoids are derived 
from an azadirone-type intermediate (intact 
A ring) (Fig. 1) (4, 5, 18, 19). It is proposed 
that at least two main scaffold modifica- 
tions are conserved in both plant families: a 
C-30 methyl shift of the protolimonoid scaf- 
fold (apo-rearrangement) and the conver- 
sion of the hemiacetal ring of melianol (1) toa 
mature furan ring with a concomitant loss of 
the C-25~C-28 carbon side chain (Fig. 1) (20). 
Additional modifications that are specific 
to Rutaceae and Meliaceae would then yield 
the nomilin- and azadirone-type intermedi- 
ates. The diversity and array of protolimonoid 
structures that are isolated beyond melianol 
(1) (fig. S1) hint at a series of possible con- 
served biosynthetic transformations, includ- 
ing hydroxylation and/or acetoxylation on 
C-1, C-7, and C-21, which suggests the in- 
volvement of cytochrome P450s (CYPs), 2- 
oxoglutarate-dependent dioxygenases (2-ODDs), 
and acetyltransferases. 

Despite extensive interest in the biology and 
chemistry of complex plant triterpenes over 
the past half century, few complete biosyn- 
thetic pathways have been described. A notable 
exception is the disease resistance saponin 


from oat, avenacin A-1, whose pathway con- 
sists of four CYP-mediated scaffold modifica- 
tions and six side-chain tailoring steps (27). 
Barriers to pathway reconstitution of com- 
plex triterpenes include a lack of knowledge 
of the structures of key intermediates, the 
order of scaffold modification steps, the in- 
stability of pathway precursors, and the chal- 
lenge of identifying candidate genes for the 
anticipated >10 enzymatic transformations 
that are required to generate advanced inter- 
mediates. Limonoids are no exception; to date, 
only the first three enzymatic steps to the 
protolimonoid melianol (1) from the primary 
metabolite 2,3-oxidosqualene have been elu- 
cidated (Fig. 1) (20). In this work, we used 
systematic transcriptome and genome mining 
and phylogenetic and homologous analysis, 
coupled with Nicotiana benthamiana as a 
heterologous expression platform, to identify 
suites of candidate genes from Citrus sinensis 
and Melia azedarach that can be used to re- 
constitute limonoid biosynthesis. 


Identification of candidate limonoid 
biosynthetic genes 


One genome of Rutaceae plants (C. sinensis 
var. Valencia) and several transcriptome re- 
sources, including from Citrus and Meliaceae 
plants (two from A. indica and one from 
M. azedarach), were previously used to iden- 
tify the first three enzymes in the limonoid 
pathway (20). These included an oxidosqualene 
cyclase (CsOSC1 from C. sinensis, At(OSC1 from 


Rutaceae Limonoids 


obacunone 
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nomilin-type 


fa “OAc 
gedunin 
Hsp90 inhibitor 


azadirone-type 


result of Rutaceae- and 


Meliaceae Limonoids 


limonin 
anti-HIV 


MeO, =—6 
azadirachtin 
insecticidal 


from nomilin-type intermediates, whereas Meliaceae limonoids are proposed to 
originate from azadirone-type intermediates. Although the exact point of pathway 
divergence is unknown, comparative analysis of the various protolimonoid 
structures suggests that C-1, C-7, and C-21 hydroxylation and/or acetoxylation are 
part of the conserved tailoring process. Obacunone and 
found in various Citrus species and are responsible for the bitterness of their 
seeds. Azadirachtin (the most renowned Meliaceae limonoid) accumulates at high 
levels in the seeds of the neem tree, which are the source of commercial neem 
biopesticides. R represents H or Ac. Ac, acetyl; Me, methyl. [Photo credits: 
\gorDutina/iStock (top right); JIC photography (bottom 


imonin are commonly 


ight)] 
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A. indica, and MaOSCl1 from M. azedarach), 
and two CYPs (CsCYP71CD1/MaCYP71CD2 and 
CsCYP71BQ4/MaCYP71BQ5) that complete the 
pathway to melianol (20). To identify enzymes 
that further tailor melianol (1), we expanded 
our search to include additional sources. For 
Rutaceae enzyme identification, we included 
publicly available microarray data compiled by 
the Network Inference for Citrus Co-Expression 
(NICCE) (22). For Meliaceae enzyme identifica- 
tion, we generated additional RNA sequencing 
(RNA-seq) data and a reference-quality genome 
assembly and annotation. 

Of publicly available microarray data for 
Citrus, fruit datasets were selected for in- 
depth analysis because CsOSCI expression 
levels were highest in the fruit and it has been 
implicated as the site of limonin biosynthesis 
and accumulation (79). Gene coexpression anal- 
ysis was first performed on the Citrus fruit 
dataset by using only CsOSC7/ as the bait gene. 
This revealed promising candidate genes that 


Fig. 2. Genomic and transcrip- A 


Citrus spp. 


exhibited highly correlated expression with 
CsOSCI (fig. S2). As we characterized more 
limonoid biosynthetic genes (as described 
below), we also included these as bait genes to 
enhance the stringency of coexpression anal- 
ysis and further refine the candidate list. The 
top-ranking candidate list is rich in genes that 
are typically associated with secondary metab- 
olism (Fig. 2A). The list specifically included 
multiple predicted CYPs, 2-ODDs, and acetyl- 
transferases, which is consistent with the pro- 
posed biosynthetic transformations. 

Efforts to identify and clone candidate genes 
from M. azedarach have previously been lim- 
ited by the lack of a reference genome with 
high-quality gene annotations and by the 
lack of suitable transcriptomic data for co- 
expression analysis (i.e., multiple tissues, 
with replicates). Therefore, in parallel to our 
search in Citrus, we generated genomic and 
transcriptomic resources for M. azedarach. 
A pseudochromosome-level reference-quality 


Z-score 


M. azedarach genome assembly was generated 
by using PacBio long-read and Hi-C sequencing 
technologies (fig. S3 and table S1). Although the 
assembled genome size [230 million base pairs 
(Mbp)] is smaller than available literature pre- 
dictions for this species of 421 Mbp (23), the 
chromosome number (1n = 14) matches lit- 
erature reports (23) and was confirmed by 
karyotyping (fig. S4). The genome assembly 
annotation predicted 22,785 high-confidence 
protein coding genes (Fig. 2B and table S1). 
Benchmarking Universal Single-Copy Ortho- 
logs (BUSCO) assessment (24) of this annota- 
tion confirmed the completeness of the genome, 
because 93% of expected orthologs are present 
as complete single-copy genes (comparable with 
98% in the gold standard Arabidopsis thaliana) 
(Fig. 2B and table S1). 

Illumina paired-end RNA-seq reads were 
generated for three different M. azedarach 
tissues (seven different tissues in total, with 
four replicates of each tissue) (table S2), 
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OSC, oxidosqualene cyclase. (B) Summary of M. azedarach pseudochromosome 
genome assembly and annotation statistics (figs. S3 and S4 and tables S1 

and S2). (C) Expression pattern of M. azedarach limonoid candidate genes selected 
on the basis of PCC to melianol biosynthetic genes [MaOSC1, MaCYP7ICD2, and 
MaCYP71BQ5 (20), shown in red] and biosynthetic annotation. The heat map 
[constructed using Heatmap3 V1.1.1 (44), with scaling by row (gene)] includes genes 
that are ranked within the top 87 for coexpression and are annotated with one of six 
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InterPro domains of biosynthetic interest [IPROO5123 (oxoglutarate/iron-dependent 
dioxygenase), IPRO20471 (AKR), IPROO2347 (SDR), IPROO1128 (CYP), IPROO3480 
(transferase), and IPROO7905 (emopamil-binding protein)]. Genes shown in black 
are newly identified functional limonoid biosynthetic genes (this study) (table S10). 
*Full-length gene identified in transcriptomic rather than genomic data through 
sequence similarity to CsAKR (tables S10 and S19); **Gene previously identified as 
homolog of limonoid coexpressed gene from A. indica (20). 
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Fig. 3. Characterization of 
MOls. (A) Characterization of 
products generated through over- 
expression of MOls and Sls by 
using transient gene expression in 
N. benthamiana. LC-MS extracted 
ion chromatograms (EICs) that 
resulted from overexpression 

of AtHMGR, CsOSCl, CsCYP71CD1, 
CsCYP71BQ4, CsCYP88A51, and 
CsMOls and CsSI in N. benthamiana. 
Representative ElCs are shown 

(n = 3). (B) Phylogenetic tree 9 
(Bayesian) of SI genes from 
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and CsCYP88A51 or MaCYP88A108 

have been renamed MOI, for E 
example, CsMOI1-3 and MaMOl2. 
Characterized MOls from C. sinensis 
and M. azedarach that were 
selected for further analysis are 
bolded, and their respective tree 
branches are indicated in orange. 
Genes from Citrus are shown in 
blue, and those from Melia are 
shown in green. All species listed 
are identified in the materials 

and methods section of the sup- 
plementary materials. (©) Percent- 
age protein identity of MOls and Sls 


from C. sinensis and M. azedarach; those with sequence similarity >75% 

are highlighted in gray. (D) Coexpression of MOls and Sls from C. sinensis 
and M. azedarach displaying rank and PCC as outlined in Fig. 2, A and C. 

(E) Proposed mechanism of CsCYP88A51/MaCYP88A108, CsMOI2/MaMOl2, 
and CsMOI1. CsCYP88A51/MaCYP88A108 first oxidizes the C-7, C-8 position of 
melianol (1) to yield an unstable epoxide intermediate 2, which can undergo 


spontaneous C-30 methyl shift from C-14 to C-8 (high 


which were previously shown to differen- 
tially accumulate and express limonoids and 
their biosynthetic genes (20). Read counts 
were generated by aligning RNA-seq reads 
to the genome annotation, and EdgeR (25) 
was used to identify a subset of 18,151 dif- 
ferentially expressed genes (P < 0.05). The 
known melianol biosynthetic genes MaOSC1, 
MacCYP71CD2, and MaCYP71BQ5 (20) were 
used as bait genes for coexpression analysis 
across the sequenced tissues, and the result- 
ing ranked list was filtered by their InterPro 
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melianol (1) 
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MaCYP88A108 


Ee 


lighted in red). Either 2 or 


domain annotations to enrich for relevant 
biosynthetic enzyme-coding genes. This in- 
formed the selection of 17 candidate genes for 
further investigation for functional analysis 
along with Citrus candidates (Fig. 2C). 


Citrus CYP88A51 and Melia CYP88A108 act 
with different melianol oxide isomerases to 
form distinct protolimonoid scaffolds 
Top-ranking genes from both the Citrus and 
Melia candidate lists (Fig. 2, A and C) were 


tested for function by Agrobacterium-mediated 
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the methyl-shifted product spontaneously forms a series of oxidized products 
(2a to 2d). In the presence of MOls, the rearrangement of 2 is guided to 
form either 3 or 4, and 2a to 2d are not observed. The structures of 2a to 2d 
are not determined, but their MS fragmentation patterns suggest that they 
are isomeric molecules that result from a single oxidation of melianol (1), 
which does not exclude the possibility them of being 2, 3, or 4 [as shown for 
Ailanthus altissima CYP7 


BQI7 (35). 


transient expression in N. benthamiana with 
the previously reported melianol (1) bio- 
synthetic enzymes CsOSC1, CsCYP71CD1, 
and CsCYP71BQ4 or AiOSC1, MaCYP71CD2, 
and MaCYP71BQ4. Liquid chromatography- 
mass spectrometry (LC-MS) analysis of crude 
methanolic extracts from N. benthamiana 
leaves revealed that the expression of either 
CsCYP88A51 or MaCYP88A108, in combination 
with their respective melianol biosynthesis genes, 
led to the disappearance of melianol (1) and 
the accumulation of multiple mono-oxidized 
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Fig. 4. Complete biosynthetic pathway to azadirone (18) and kihadalactone A 
(19). (A) Gene sets that lead to the production of azadirone (18) and kihadalactone A 


(19) in N. benthamiana leaves. Genes from Citrus are shown in blue, and 


those 


from Melia are shown in green. The arrow reflects accumulation of the metabolites 


after addition of the associated enzyme as shown in (B) rather than true 


enzymatic 


substrate-product relationship. In addition, limonoid biosynthesis likely proceeds 


as a network; other possible reaction sequences are shown in fig. S40. Di 


amonds 


represent intermediates whose structures were supported either by NMR analysis of 
the purified product or comparison with an authentic standard (18). Compounds 3, 
6, 9, 10, 13, and 14 were purified from N. benthamiana leaf extracts that expressed the 


respective biosynthetic gene sets and were analyzed by NMR; the structu 


products (Fig. 3A and figs. S5 and S6). This | undergo further modification by endogenous 
result suggested that although these CYP88A | N. benthamiana enzymes. 

enzymes accept melianol as a substrate, the Despite the accumulation of multiple related 
resulting products could be unstable or | metabolites, we continued to screen addition- 
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CsOSC1, MaCYP71CD2/CsCYP71CDI1, and MaCYP71BQ5/CsCYP71BQ4. CsCYP88A37 
is a homolog of MaCYP88A164, whereas CsCYP716AC1 has no Melia homolog. 


al coexpressed candidate genes for further 
activity. This screen included homologs of 
A, thalianaHYDRAI, which encodes an endo- 
plasmic reticulum membrane protein known 
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as a sterol isomerase (SI) (two from the Citrus 
candidate list and one from the Melia list). 
SIs are exclusively associated with phytosterol 
and cholesterol biosynthesis, in which they 
catalyze double-bond isomerization from 
the C-8 to the C-7 position. They are present in 
all domains of life and are required for normal 
development of mammals (26), plants (27), 
and yeast (28). Testing of these putative SIs 
through transient Agrobacterium-mediated 
gene expression in NV. benthamiana resulted in 
a marked change of the metabolite profile 
with the accumulation of a single mono-oxidized 
product with no mass change (Fig. 3A and fig. 
S7). We suspected that these enzymes were 
able to capture unstable intermediates and 
promote isomerization of the C-30 methyl 
group that is required to generate mature 
limonoids. These SIs are therefore renamed 
melianol oxide isomerases (MOIs), CsMOII 
to CsMOIJ3 and MaMOI2, because of their 
ability to generate isomers of mono-oxidized 
melianol products. 

SIs are typically found as single-copy genes 
in given plant species. Surprisingly, we found 
additional putative SI genes in the C. sinensis 
and M. azedarach genomes: four and three, 
respectively (fig. S8). Phylogenetic analysis of 
SIs across a set of diverse plant species revealed 
that SIs from C. sinensis and M. azedarach fall 
into two distinct subclades (Fig. 3B). The more 
conserved of these clades contained one se- 
quence from each species (CsS7 and MaSN, 
whereas the more divergent clade contained 
the remaining SIs (CsMO// to CsMOJ3 and 
MaMO?l and MaMO!2). This suggested that 
CsSI and MasSI are the conserved genes in- 
volved in phytosterol biosynthesis. Compari- 
son of all C. sinensis and M. azedarach SI and 
MOI protein sequences showed that CsMOI2 
is ~93% identical at the protein level to CsMOI3 
and ~83% to MaMOI2, but only ~54 and ~60% 
similar to CsMOI1 and CsSI, respectively (Fig. 
3C). Although CsMOI1, CsMOI2, and MaMOI2 
ranked among the top 100 genes in our co- 
expression analysis lists (Fig. 3D), CsS7, MaMO2, 
and MasSI do not coexpress with limonoid bio- 
synthetic genes. The absence of CsMO/3 from 
this list is attributed to the lack of specific mi- 
croarray probes required for expression moni- 
toring. Notably, screening of CsSI in the 
N. benthamiana expression system did not 
change the product profile of CsCYP88A51, 
which is consistent with its predicted involve- 
ment in primary metabolism on the basis of 
the phylogenetic analysis (Fig. 3A). 

To determine the chemical structures of the 
isomeric products formed through the action 
of these MOIs, we carried out large-scale ex- 
pression experiments in N. benthamiana and 
isolated 13.1 mg of pure product. Nuclear mag- 
netic resonance (NMR) analysis revealed the 
product of MaMOI2 to be the epimeric mix- 
ture apo-melianol (3), which bears the charac- 
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teristic limonoid scaffold with a migrated C-30 
methyl group on C-8, a C-14/15 double bond, 
and C-7 hydroxylation (Fig. 3E and table 83) 
(29). Although the structure of the direct pro- 
duct of CsMOI2 was not determined until after 
the discovery of two additional downstream 
tailoring enzymes, NMR analysis also confirmed 
C-8 methyl migration (table S4). These data in- 
dicate that, as predicted by sequence analysis, 
CsMOI2 and MaMO!I2 indeed are functional 
homologs and catalyze a key step in limonoid 
biosynthesis by promoting a previously unchar- 
acterized methyl shift. Analysis of the product 
that formed with the expression of CsMOI1 
indicated the presence of a metabolite with a 
different retention time relative to apo-melianol 
(3) (Fig. 3A). Isolation and NMR analysis of 4’, 
a metabolite that is derived from 4 after the 
inclusion of two additional tailoring enzymes 
(table S5), indicated C-30 methyl group migration 
to C-8 and cyclopropane ring formation through 
bridging of the C-18 methyl group to C-14. 

On the basis of the characterized structures, 
we propose that in the absence of MOIs, the 
CYP88A homologs form the unstable C-7/8 
epoxide 2, which may either spontaneously 
undergo a Wagner-Meerwein rearrangement 
via C-30 methyl group migration and subse- 
quent epoxide-ring-opening or degrade through 
other routes to yield multiple rearranged 
products 2a to 2e and 3 (Fig. 3E). MOIs appear 
to stabilize the unstable carbocation interme- 
diate and isomerize it to two types of limonoids: 
CsMOI2, CsMOI3, and MaMOI2 form the C-14/ 
15 double bond scaffold (classic limonoids), 
whereas CsMOI1 forms the cyclopropane 
ring scaffold (glabretal limonoids). Glabretal 
limonoids have been isolated from certain Me- 
liaceae and Rutaceae species before but are less 
common (30, 31). CsCYP88A51, MaCYP88A108, 
and two different types of MOIs are thus re- 
sponsible for rearrangement from melianol (1) 
to either 3 or 4 through the epoxide interme- 
diate 2. These MOIs represent the neofunc- 
tionalization of SIs from primary metabolism 
in plants. 


Characterization of conserved tailoring 
enzymes L21AT and SDR 


Having identified enzymes for the methyl shift 
present in the limonoids, we continued screen- 
ing other candidate genes (Fig. 2, A and C) 
for activity on 3 toward downstream products. 
BAHD-type acetyltransferases (named CsL21AT 
or MaL21AT, limonoid 21-O-acetyltransferse) 
and short-chain dehydrogenase reductases 
(SDRs) (CsSDR and its homolog MaSDR) result 
in the loss of compound 3 and the accumu- 
lation of acetylated products and a dehydro- 
genated product, respectively (figs. S9 to S12). 
Although the sequence of events can be im- 
portant for some enzymatic transformations 
in plant biosynthesis, L21AT and SDR homo- 
logs appear to have broad substrate specificity. 


Our data suggest that L21AT can act on 1 or 3 
and that SDR is active on all intermediates 
after the OSC1 product (figs. S13 and S14), 
which suggests a flexible reaction order in the 
early biosynthetic pathway. 

Furthermore, the products formed from the 
modification of 3 by both Citrus and Melia 
L21AT and SDR homologs were purified by 
large-scale N. benthamiana expression and 
structurally determined by NMR to be 21-(S)- 
acetoxyl-apo-melianone (6) (Fig. 4A, fig. 
S15, and tables S4 to S7). Compound 6 is a 
protolimonoid previously purified from the 
Meliaceae species Chisocheton paniculatus 
(32) and is also detectable in M. azedarach 
tissues (fig. S16). L21AT likely stereoselectively 
acetylates the 21-(S) isomer; a possible role 
for this transformation is stabilization of the 
hemiacetal ring that is observed as an epimeric 
mixture in melianol (1) (20) and apo-melianol 
(3) (table $3). Overall, our results indicate 
that L21AT acetylates the C-21 hydroxyl and 
SDR oxidizes the C-3 hydroxyl to the ketone 
on early protolimonoid scaffolds. 


Citrus and Melia CYPs catalyze distinct 
limonoid A-ring modifications 


Further Citrus and Melia candidate screens 
(Fig. 2, A and C) support the activity of two 
Citrus CYPs, CsCYP716AC1 and CsCYP88A37, 
that are each capable of oxidizing 6 directly 
to 7 and 8 or consecutively to 9 (Fig. 4A and 
figs. S17 to S19) and that one CYP from Melia 
(MaCYP88A164, a homolog of CsCYP88A37) 
is also capable of oxidizing 6 to 8 (Fig. 4A 
and fig. S20). Purification and NMR analysis 
of the downstream product 9 revealed it to be 
1-hydroxy-luvungin A, which bears an A-ring 
lactone (table S8). Additional NMR product 
characterization suggests that CsCYP716AC1 
is responsible for A-ring lactone formation and 
CsCYP88A37 is responsible for C-1 hydroxyla- 
tion (table S9). Although the exact order of oxida- 
tion steps to 9 appeared to be interchangeable 
for CsCYP716AC1 and CsCYP88A37, the in- 
complete disappearance of 6 by CsCYP88A37 
suggests that oxidation by CsCYP716ACI takes 
precedence (fig. S19). 

In the absence of CsSDR, neither CsCY- 
P716ACI1 nor CsCYP88A37 result in an oxi- 
dized protolimonoid scaffold, which suggests 
the necessary involvement of the C-3 ketone 
for further processing (fig. $21). These results, 
in combination with NMR characterization, 
indicated that CsCYP716AC1 is likely respon- 
sible for Baeyer-Villiger oxidation to the A- 
ring lactone structure signature of Rutaceae 
limonoids. Comparative transcriptomics in 
M. azedarach revealed the lack of an obvious 
CsCYP716AC1 homolog. The closest Melia en- 
zyme to CsCYP716AC1 is truncated, not coex- 
pressed with melianol biosynthetic genes, 
and only shares 63% protein identity (table 
S10). These results highlight a branch point 
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between biosynthetic routes in the Rutaceae 
and Meliaceae families. 


Acetylations complete tailoring in both Citrus 
and Melia protolimonoid scaffolds and set the 
stage for furan ring biosynthesis 


Subsequent Citrus and Melia gene candidate 
screens (Fig. 2, A and C) revealed further 
activity of BAHD acetyltransferases. CsL1IAT 
and its homolog MaL1AT (named limonoid 
1-O-acetyltransferase) appear to be active on 
9 and 8, respectively (figs. S22 and S23). When 
CsLIAT was coexpressed with the biosynthetic 
genes for 9, a molecule 11 with mass corre- 
sponding to acetylation of 9 was observed. 
When CsCYP88A37 was omitted, acetylation 
of '7 was not observed (fig. $24), which sug- 
gests that CsLIAT acetylates the C-1 hydroxyl 
of 9 to yield 11. However, when CsCYP716AC1 
was omitted from the Citrus candidates or 
when MaLiAT was tested, the dehydration 
scaffold 10 accumulated (figs. S23 and S24). 
Large-scale transient plant expression, puri- 
fication, and NMR analysis of the dehydra- 
tion product showed that the structure 10 
(tables S11 and S12) contains a C-1/2 double 
bond and is an epimer of a previously reported 
molecule from A. indica (33). Compound 10 
also accumulates in M. azedarach extracts 
(fig. S16). Two more coexpressed Citrus and 
Melia acetyltransferase homologs, CsL7AT and 
Mat7AT (named limonoid 7-O-acetyltransferase), 
were found to result in acetylated scaffolds 12 
and 13; modification at the C-7 hydroxyl was 
confirmed by the purification and NMR anal- 
ysis of 18 and its degradation product 13’ 
(Fig. 2, A and C; figs. S25 and S26; and tables 
S13 and S14). 

Taken together, these data suggest that three 
acetyltransferases (LIAT, L7AT, and L21AT) act 
in the biosynthesis of the triacetylated 1,7,21-O- 
acetyl protolimonid (13) (Fig. 4A). However, we 
also observed the accumulation of two diacety- 
lated intermediates, 11 (1,21-O-acetyl) and Ila 
(1,7-O-acetyl), when testing gene sets that lead 
to accumulation of 13 (fig. S27). This observa- 
tion hints at the possibility of multiple sequences 
for enzymatic steps that comprise a metabolic 
network, at least in the context of pathway 
reconstitution in the heterologous host 
N. benthamiana. 


Downstream enzymes complete the 
biosynthesis to the furan-containing products 
azadirone (18) and kihadalactone A (19) 


With acetylation established, the key enzymes 
that are involved in the C-4 scission that is 
implicated in furan ring formation still re- 
mained elusive. It was unclear which enzyme 
classes could catalyze these modifications. We 
screened gene candidates by means of combina- 
torial transient expression in N. benthamiana 
as previously described and ultimately iden- 
tified three active candidate pairs (one from 
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each species): the aldo-keto reductases (AKRs) 
(CsAKR/MaAKR), the CYP716ADs (CsCY- 
P716AD2/MaCYP716AD4), and the 2-ODDs 
[named limonoid furan synthase (LFS), CsLFS/ 
MaLFS] (Fig. 2, A and C). Systematic testing of 
these gene sets resulted in the accumulation of 
the furan-containing molecules azadirone (18) 
and kihadalactone A (19), two limonoids that 
are present in the respective native species. 
When CsAKR/MaAKR was tested alone in 
our screens, we identified the appearance of 
a peak with mass corresponding to reductive 
deacetylation of 12 or 13 (figs. S28 and S29). 
The product generated by expression of the 
Melia gene set in N. benthamiana was pu- 
rified and characterized by NMR analysis to 
be the 21,23-diol 14 (Fig. 4A and table S15). 
Thus, the corresponding CsAKR product 15 
was proposed to share the same diol motif. 

Transient expression of MaCYP716AD4 or 
CsCYP716AD2 with the biosynthetic genes for 
14 or 15 resulted in two pairs of peaks, each 
with C-4 loss. Proposed structures indicate a 
C,H,O fragment loss (16a and 17a) anda 
C,H, 90 fragment loss (16b and 17b) from 
their respective precursors (Fig. 4A and figs. 
$30 and S31). It is unclear whether these ob- 
served masses correspond to the true products 
of CYP716ADs or whether these are further 
modified by endogenous N. benthamiana en- 
zymes. CYP716AD products are proposed to 
contain C-21 hydroxyl and C-23 aldehyde func- 
tionalities (16e and 17¢), which could also 
spontaneously form the five-membered hemi- 
acetal ring (16d and 17d) (Fig. 4A and fig. 
$32). A peak with a mass equivalent to 16c or 
16d is identifiable alongside 16a and 16b when 
transiently expressing MaCYP716AD4 with the 
biosynthetic genes required for accumula- 
tion of 14 (fig. S31). We found that additional 
coexpression of LFS with the characterized 
genes that result in 16 and 17 yields accumu- 
lation of products 18 and 19 (figs. S33 and 
$34). On the basis of the predicted chemical 
formula, MS fragmentation pattern, and NMR 
analysis (fig. S33 and table S16), we proposed 
the product of CsLFS to be kihadalactone A 
(19), a known furan-containing limonoid (34) 
that was previously identified in extracts from 
the Rutaceae plant Phellodendron amurense. 
We detected the presence of 19 in P. amurense 
seed samples (fig. S35), which confirmed the 
prior reports of accumulation. Similarly, 
when MaLFS was included in the coexpres- 
sion, a product with a mass equivalent to 
the furan-containing limonoid azadirone 
(18) was observed (fig. $34). The produc- 
tion of azadirone (18) in N. benthamiana 
was confirmed by comparison with an ana- 
lytical standard (isolated from A. indica leaf 
powder and analyzed by NMR) (fig. S36 and 
table S17). In addition, we detected azadir- 
one in extracts from three Meliaceae species 
(fig. S36). 


Taken together, we have discovered the 10- 
and 11-step biosynthetic transformations that 
enable a reconstitution of the biosynthesis 
of two known limonoids, azadirone (18) and 
kihadalactone A (19), as well as an enzyme 
that catalyzes the formation of the alternative 
glabretal scaffold (CsMOI1). Sequential intro- 
duction of these enzymes into N. benthamiana 
transient coexpression experiments demon- 
strate stepwise transformations that lead 
to 18 and 19 (Fig. 4B). All of the enzymes 
involved in the biosynthesis of 18 and 19, 
except CsCYP716AC1, are homologous pairs 
and show a gradual decreasing trend in pro- 
tein identity from 86% for the first enzyme pair 
CsOSC1/MaOSCl to 66% for CsLFS/MaLFS. 
Despite the varied protein identities (Fig. 4B), 
these homologous enzymes from Melia or 
Citrus can be used to create functional hybrid 
pathways that comprise a mix of species genes, 
which supports a promiscuous evolutionary 
ancestor for each of the limonoid biosynthetic 
enzymes (fig. S37). 


Discussion 


A major challenge in elucidating pathways 
that involve many (e.g., >10) enzymatic steps is 
to determine whether the observed enzymatic 
transformations in a heterologous host are “on 
pathway” and, if so, in what order they occur. 
It is important to note that although all en- 
zymes described in Fig. 4 play a role in the 
production of final limonoid products, the se- 
quence of enzymatic steps shown by the arrows 
is proposed on the basis of the accumulation of 
observed metabolites after the addition of each 
enzyme in the N. benthamiana heterologous 
expression system, and other sequences of steps 
are possible. For example, we have shown that 
CsAKR likely does not accept hemiacetal (13) 
directly as a substrate (fig. S38), despite our 
observation that it accumulates as a major 
metabolite when all upstream enzymes are 
expressed. Although one expects a pathway 
without CsL21AT to still be functional be- 
cause the C-21 acetal product (11a) appears 
to undergo reduction by CsAKR to yield 15, 
attempts to drop out CsL21AT led to a sub- 
stantially reduced yield of 19 (fig. S39), which 
suggests that CsL21AT might have other un- 
expected roles in the pathway. In addition, 
reconstitution of several partial pathways 
indicates that some pathway enzymes can 
accept multiple related substrates. For exam- 
ple, each step after apo-melianol can diverge 
into multiple pathways, which is likely due to 
the promiscuity of these enzymes. Taken to- 
gether, these data indicate that enzymes in 
limonoid biosynthesis might collectively func- 
tion as a metabolic network (fig. S40). Further 
study of each individual enzyme in vitro with 
purified substrate will be required to quantify 
substrate preference. This metabolic network 
that we observed in N. benthamiana suggests 
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one possible strategy for how Rutaceae species 
access such a diverse range of limonoids; we 
anticipate that additional enzymes will further 
expand the network, for example, for the oxi- 
dative cleavage of ring C, which ultimately re- 
sults in the most extensively rearranged and 
modified limonoid scaffolds isolated to date, 
for example, azadirachtin (Fig. 1). 

Among the 12 chemical transformations 
that are catalyzed by the 22 enzymes that 
we characterized in this study, several are 
not previously known in plant-specialized 
metabolism. For example, MOI1 and MOI2, 
which appear to have evolved from SIs, are 
capable of catalyzing two different scaffold 
rearrangements despite their conserved active- 
site residues (fig. S41). The colocalization of 
the limonoid biosynthetic gene MaMO/2 with 
two other nonlimonoid SI genes in the M. 
azedarach genome is consistent with the origin 
of MaMOI2 by tandem duplication and neo- 
functionalization (fig. S42); this genomic 
arrangement is conserved in Citrus on chro- 
mosome 5 as well. Furthermore, recent findings 
demonstrate a similar role of these enzymes in 
quassinoid biosynthesis (35). Other noteworthy 
enzymatic reactions in the limonoid pathway 
include C-4 scission and furan ring installation, 
which generate an important pharmacophore 
of the limonoids. Although furan-forming en- 
zymes have been reported from other plants 
(36-38), the AKR, CYP716AD, and 2-ODD mod- 
ule described here represents an alternative 
mechanism of furan formation via oxidative 
cleavage of a C-4 moiety. Along with the SIs 
(MOIs), the AKR and 2-ODDs add to the grow- 
ing pool of enzyme families (39, 40) associated 
with primary sterol metabolism that appear 
to have been recruited to plant secondary 
triterpene biosynthesis, which is likely due to 
the structural similarities between sterols 
and tetracyclic triterpenes. 

Limonoids are only one of many families 
of triterpenes from plants with complex scaf- 
fold modifications. Other examples include 
the Schisandra nortriterpenes (41), quinonoids 
(42), quassinoids (43), and dichapetalins (42); 
each represent a large collection of structurally 
diverse terpenes that contain several members 
with potent demonstrated biological activity 
but no biosynthetic route. Despite the value 
of these complex plant triterpenes, individual 
molecular species are typically only available 
through multistep chemical synthesis routes or 
isolation from producing plants, which limits 
drug development (75) and agricultural utility 
(9). Many are only easily accessible in an un- 
purified extract form that contains multiple 
chemical constituents; for example, azadirach- 
tin, one of the most potent limonoids, can only 
be obtained commercially as a component of 
neem oil. Our results demonstrate that path- 
ways to triterpenes with complex scaffold modi- 
fications can be reconstituted in a plant host, 
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and the gene sets we describe enable rapid 
production and isolation of naturally occurring 
limonoids. We anticipate that bioproduction of 
limonoids will serve as an attractive method to 
generate clinical candidates for evaluation and 
that stable engineering of the limonoid path- 
way could be a viable strategy for sustainable 
crop protection. 
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COSMOCHEMISTRY 


Nucleosynthetic isotope anomalies of zinc in 
meteorites constrain the origin of Earth’s volatiles 


Rayssa Martins*{, Sven Kuthning}+, Barry J. Coles, Katharina Kreissig, Mark Rehkamper* 


Material inherited from different nucleosynthesis sources imparts distinct isotopic signatures to 
meteorites and terrestrial planets. These nucleosynthetic isotope anomalies have been used to constrain 
the origins of material that formed Earth. However, anomalies have only been identified for elements 
with high condensation temperatures, leaving the origin of Earth’s volatile elements unconstrained. 
We determined the isotope composition of the moderately volatile element zinc in 18 bulk meteorites 
and identified nucleosynthetic zinc isotope anomalies. Using a mass-balance model, we find that 
carbonaceous bodies, which likely formed beyond the orbit of Jupiter, delivered about half of Earth’s 
zinc inventory. Combined with previous constraints obtained from studies of other elements, these 
results indicate that ~10% of Earth’s mass was provided by carbonaceous material. 


he Solar System formed from an initial- 

ly hot protoplanetary disk; as the disk 

cooled, refractory (high condensation 

temperature) metals and metal oxides 

were the first materials to condense into 
solid dust grains, followed by Fe metal and Mg 
silicates (1). The relative abundances of these 
refractory elements in all Solar System bodies 
are similar to those found in the Sun and in 
Ivuna-type carbonaceous chondrite (CI) mete- 
orites, which are thought to be representative 
of the Solar System as a whole (2). Volatile 
elements (which have condensation temper- 
atures below those of Mg, Si, and Fe) condensed 
later, and all other groups of meteorites are 
depleted in volatiles as compared to CIs, to 
various extents (2-5). This depletion was in- 
herited by the terrestrial planets; it has been 
measured for Earth, the Moon, Mars, and 
Mercury (6-9). It is unclear how these bodies 
obtained their volatile elements. 

The origins of Earth’s building blocks can 
be constrained using nucleosynthetic isotope 
anomalies measured between bulk meteorites 
and the bulk silicate Earth (BSE). These small 
isotopic variations are produced by heteroge- 
neous distribution of isotopically distinct ma- 
terial during the formation of the Solar System. 
This distinct material is inherited from presolar 
processes, such as nucleosynthesis in stars or 
supernovae. Known nucleosynthetic anomalies 
reveal an isotopic dichotomy between carbona- 
ceous and noncarbonaceous (NC) meteorites 
(10). The carbonaceous group consists primarily 
of carbonaceous chondrite (CC) meteorites, and 
the NC group consists of enstatite chondrite (EC) 
and ordinary chondrite (OC) meteorites. In com- 
parison to NCs, CCs have higher abundances of 
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neutron-rich isotopes of the Fe-peak elements 
Ca, Ti, Cr, and Ni, and lower abundances of 
the slow neutron capture (s-process) nuclides 
of Zr, Mo, Ru, and Pd (10-15). It has been 
proposed that this dichotomy resulted from 
spatial separation of two isotopic reservoirs, with 
NC material in the inner Solar System, and CC 
material on orbits outside that of Jupiter (76). 

The isotopic signature of the BSE indicates 
that Earth accreted primarily from NC mate- 
rial, with a small but non-negligible contribu- 
tion of CC material (10, 12, 17-19). However, 
previously reported nucleosynthetic isotope 
anomalies were for refractory metals, which 
have nearly uniform elemental abundance 
ratios throughout the Solar System. By con- 
trast, ratios of volatile to refractory elements 
are variable in generally volatile-rich CCs and 
volatile-poor OCs, and even more so in ECs, 
with the latter presenting both severe volatile 
depletions and high volatile abundances that 
could potentially account for much of Earth’s 
volatile inventory (20, 21). Searches for nu- 
cleosynthetic isotope anomalies in the volatile 


Fig. 1. Zinc isotope anomalies 
for each meteorite group and 
the BSE, in 'Zn notation. Data 
are plotted for different groups of 
meteorites and the BSE (see the 
legend). Carbonaceous chondrites S 
(Cl, CM, CV, and CO chondrites) and 
noncarbonaceous-group meteorites 
ECs, including two EHs (high 

iron); OCs, including H (high iron), 
L (low-iron), and LL (low-iron, low- 
metal) chondrites; and IAB complex 
irons] have complementary patterns 
with CCs enriched in Zn and 
7°7n and depleted in “Zn relative 
to the BSE, which has e'Zn = 0. 
NCs have the opposite pattern, 


*ci 
-“@- EH 


elements K, Zn, and Te have been inconclu- 
sive (22-26). 


Zinc isotope measurements 


We measured bulk samples of 18 meteorites 
(table S1): 7 CCs from four major groups [CI, 
CM (Mighei type), CV (Vigarano type), and 
CO (Ornans type)], and 11 NC meteorites, in- 
cluding 7 OCs, 2 ECs, and 2 iron meteorites 
classified as members of the IAB complex. Zinc 
isotope data were measured using a multiple- 
collector inductively coupled plasma mass 
spectrometer (MC-ICP-MS) (27). Results are 
presented in e'Zn notation (eq. S1), denot- 
ing the parts-per-10,000 deviations of the 
'7n/°"Zn ratio from the London Zn standard, 
which defines ¢'Zn = 0 for the BSE (27). Unless 
otherwise stated, all uncertainties are quoted 
as +2 SE (twice the standard error of the mean). 

We find small but resolvable deviations from 
the BSE for all meteorites that we measured 
(Fig. 1, Table 1, and table $2). The CCs have 
an excess in e’°Zn (a neutron-rich isotope), a 
smaller excess for e°°Zn, and a depletion in 
e°'Zn. The NC meteorites have complemen- 
tary patterns, with negative anomalies for 
eZn and e°Zn, but positive deviations for 
e™Zn. We find similar results if other isotope 
ratios are used for internal normalization [e.g., 
47 y/°"Zn (fig. S1)]. Our measurements of BSE 
standards show no substantial deviations from 
e'Zn = 0 (Fig. 1). 

Previous research has suggested that anom- 
alies of the neutron-rich isotopes of other 
Fe-peak elements derive from either Type Ia 
supernovae (SNIa, thermonuclear explosions 
of white dwarfs) or electron-capture core col- 
lapse supernovae (ECSNe, explosions of cer- 
tain types of massive star) (11, 28-30). We 
therefore calculated the Zn isotope anomalies 
that would be produced by adding various 
mixtures of SNIa and ECSNe Zn to Earth’s Zn 
(27), to assess whether the observed Zn isotope 
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with depletions in Zn and 7°Zn and enrichments in ©Zn. There is no data for e°°Zn and e°’Zn because these isotopes 
are used for internal normalization. The meteorite and BSE data are listed in table S2; error bars indicate +2 SE. 
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Table 1. Mean, minimum, and maximum ¢64Zn, <68Zn, and <70Zn values of the CC and NC 
meteorite groups. Results of all groups are listed in table S1. Uncertainties are +2 SE (twice the 
standard error of the mean). 
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anomalies could have been generated by these 
nucleosynthetic sources. Plotting e€”Zn as a 
function of e“Zn (Fig. 2) shows that the me- 
teorite data have a negative correlation, which 
matches our models (27). We therefore con- 
clude that the measured Zn isotope anomalies 
have a nucleosynthetic origin. 


Dichotomy between CC and NC meteorites 


Comparing ¢”Zn to anomalies in **Ca, *Ti, 
and *Cr (fig. $2) confirms the dichotomy in 
compositions between CC and NC meteorites. 
However, most of our meteorite data do not 
follow the isotopic trends predicted by com- 
bining nucleosynthetic production models of 
the different elements (fig. S2). It is neverthe- 
less plausible for both the e“Zn enrichments 
and the *%Ca, °°Ti, and *“Cr enrichments to 
be produced in the same nucleosynthesis sites, 
because the differing trends could be produced 
by the different physical and chemical proper- 
ties of the elements. For example, moderately 
volatile Zn has a much lower 50% condensa- 
tion temperature (T¢s9 = 726 K) than Ca, Ti, 
and Cr [Tes = 1290 to 1570 K (3D)], so con- 
densation of isotopically distinct Zn from SNIa 
and/or ECSNe into presolar dust grains was 
likely less efficient than for the more refractory 
elements (15, 32). Zinc also has more affinity 
for sulfide than Ca, Ti, and Cr do (33), so 
isotopically anomalous Zn could have been 
concentrated into distinct mineral phases, 
which could have been lost during subse- 
quent thermal processing during Solar System 
formation (34). Although the presolar carrier 
phases of the Zn anomalies are unknown, Zn 
in CCs is predominantly hosted in the fine- 
grained meteorite matrix, with Zn elemental 
abundances that exceed those found in chon- 
drules (silicate spherules embedded in mete- 
orites) by factors of 3 to 6 (35-37). Leaching 
studies have shown that Zn in chondrites is 
primarily (>80%) hosted in sulfides and sili- 
cates (36, 38). 

Nucleosynthetic isotope anomalies of more 
refractory metals display substantial isotopic 
diversity within the CC and NC reservoirs (39), 


370 27 JANUARY 2023 * VOL 379 ISSUE 6630 


but the Zn isotope data are much less variable. 
The mean Zn isotope compositions of all CC 
groups that we measured overlap within their 
uncertainties; we performed analysis of vari- 
ance (ANOVA) tests and found that the groups 
are statistically indistinguishable (27). Like- 
wise, the eZn values of the ECs, OCs and IABs 
all overlap within their uncertainties (Fig. 1 and 
table S2), with ANOVA tests indicating that 
these groups are also statistically indistin- 
guishable (27). 


Mass-balance calculations 


The complementary Zn isotope anomalies of 
CCs and NC meteorites indicate a mixed source 
for Zn in the BSE. Because Zn did not partition 
strongly into metal during Earth’s core forma- 
tion (table $3), the nucleosynthetic Zn isotope 
composition of the BSE was built up through- 
out Earth’s accretion history (40). We therefore 
assume that the BSE and bulk Earth (BE) have 
identical Zn isotope compositions. Chondrites 
are often assumed to be the building blocks of 
planets because they (mostly) preserve their 
original elemental and isotopic compositions 
and can account for most of the Solar System’s 
isotopic diversity (17, 42). We take the overall 
mean values of CCs (e°*Zn = -0.81 + 0.16, n = 7, 
where 7 is the number of meteorites) and ECs 
and OCs [noncarbonaceous chondrites (NCCs)] 
(e**Zn = 0.76 + 0.22, n = 9) as representa- 
tive of the CC and NC material accreted by 
Earth (table S2). We then calculate a mass 
balance to infer the contributions of each 
to Earth’s Zn: 


eo Znpr = wen . eo Znoc + wee x © Znncc 
(1) 


where 2“ is the Zn fraction derived from 
each reservoir, and #22 + a%2..=1. We 
performed a Monte Carlo simulation with 
10,000 trials (27), in which the e*Zn 
compositions of the CC and NCC sources 
were allowed to vary within +2 SE of their 
respective mean values, the fractions of Zn from 
each source ranged between 0 and 1, and the 
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Fig. 2. <”°Zn as a function of <°“Zn for meteor- 
ite groups and the BSE. Data points indicate 
meteorite groups and BSE standards, using the 
same colors and symbols as Fig. 1. Shaded areas 
indicate predictions from models of Zn nucleo- 
synthesis in Type la supernovae (30) in light gray, 
and electron capture supernovae (28) in dark gray 
(27). The meteorite and BSE data are listed in table 
S2; error bars indicate +2 SE. 


BE composition of e™Znpp = 0 + 0.17 was 
assigned an uncertainty corresponding to 
the long-term reproducibility of four BSE 
standards (table S2). 

To reproduce the BE Zn isotope composi- 
tion, we find that 48 + 15% (uncertainty is 2 SD, 
twice the standard deviation) of Earth’s Zn 
was derived from the CC reservoir, and the re- 
mainder from NCCs (fig. $3). In other words, 
CCs and NCCs contributed about equally to 
Earth’s Zn. We obtain consistent (but more un- 
certain) results if other eZn values (e.g., ¢’°Zn) 
or individual meteorite group means are used 
in the mass-balance equation (table S10). We 
adopt the results from e°*Zn because its iso- 
tope anomalies are larger and more precise 
than those of other zinc isotopes. 

We extended our mass-balance equation to 
constrain the mass fraction of carbonaceous 
material of all elements (#cc) that was ac- 
creted by Earth: 


ec + [ZN|\cg + €&Znce + @ycc + [ZN yee + €&*Znee 
Xe: [Zn] eg + aoc + [ZD}x0¢ 


e”'Tnge 


(2) 


and 


[Zn] pz = &cc + [Zn]og + Acc + [Zn]yce (3) 


where is the mass fraction of material from 
each reservoir, %oo + Lycc= 1, and [Zn] de- 
notes Zn elemental abundances. We performed 
further Monte Carlo simulations of these equa- 
tions using constraints on the Zn elemental 
abundance of the BE and CC material (27). 
Although the Zn elemental abundance of the 
BSE is well defined [54 + 2 ug g ‘ (table $3), 
[Zn]gz is less well constrained at 40 to 70 ug 
g |, because the extent of Zn partitioning into 
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Fig. 3. Estimates for the mass fractions of accreted CC material (x¢c). (A) Zn elemental abundances plotted 
as a function of X¢c. Black dots show individual results from our Monte Carlo simulations, and colored regions 
indicate Xcc estimates from previous studies in orange (41), yellow (42), light blue (19), purple (17), red (18), 
light green (12), and dark green (39). (B) Probability density (black curve) of the estimated xcc from our Monte 
Carlo simulations. Shaded regions indicate estimates from previous studies, using the same colors shown in 
(A). Our simulations have the highest density at xc¢ = 11%, equivalent to mean [Zn]cc concentrations of ~150 to 


320 ug g. Considering additional constraints from stud 


ies of other elements (12, 19, 41, 42), the mean [Zn]cc 


elemental abundance is limited to ~170 to 220 ug g4, compatible with CM chondrites (table $3). 


Earth’s core is uncertain (table S3). For the 
CC material, the Zn elemental abundance was 
allowed to vary between 115 and 320 ug g 4, 
because this variance encompasses the mean 
Zn abundances of CI, CM, and CO-CV chondrites 
(table S3). The Zn elemental abundances of 
ECs and OCs span a much wider range [77.5 to 
519 ug g (table S3)], so we treat [Zn]ycc as a 
free parameter. We find that 13 + 10% (2 SD) 
of Earth’s mass is derived from CC material 
(Fig. 3). At the lower end of this range (at %jc = 
3 to 5%), Earth must have incorporated CI- 
like material; larger xc mass fractions re- 
quire that increasing proportions of more 
volatile-depleted CCs were accreted (Fig. 3). 


Comparison to other elements 


We compare these results to previous studies 
that applied refractory-element and O isotope 
compositions to evaluate the origin of Earth’s 
accreted material (Fig. 3). A CC mass fraction 
of 42% CI material has previously been pro- 
posed (18), based on differences in e“8Ca be- 
tween the BSE and other inner Solar System 
bodies. For such a high CC fraction to be con- 
sistent with our Zn results, the BE Zn elemental 
abundance would need to be ~280 pg g” to 
produce €Zngz ~ O, far higher than the esti- 
mated BE Zn abundance [40 to 70 ug g7 
(table S3)]. Another study (77) inferred a much 
smaller CC contribution, of 5% CO-CV mate- 
rial, based on an inversion of refractory-element 
and O isotope compositions. In that case, the 
Zn contribution from the CO-CV component is 
too small to be compatible with the Zn isotope 
mass balance, requiring the BE to have only 
~12 ug g | Zn, much lower than estimated 


(table S3). 
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Studies based on O isotope compositions 
have proposed that Earth accreted from a mix 
of ECs and OCs, with addition of 4% CI plus 
5% CV material (47) or 10% CM-like material 
(42); these are consistent with our results for 
Zn. It has also been proposed (19) that Earth 
formed primarily from noncarbonaceous ma- 
terial composed of OCs and angrites (non- 
carbonaceous achondritic meteorites), with 
addition of 3 to 21% CI and 8 to 11% CV ma- 
terial. Although this estimate is consistent with 
our Zn isotope mass balance (Fig. 3), and we do 
not detect substantial variability within the NC 
reservoir, the lack of Zn isotope data for angrite 
meteorites prevents us from drawing firm con- 
clusions about this scenario. 

It is difficult to find a combination of me- 
teoritic materials that can explain the BSE Mo 
isotope composition (39). It has been proposed 
that additional NC component, which was 
present in the early Solar System but is not 
represented in measured meteorites, is en- 
riched in both s-process isotopes and neutron- 
rich nuclei of Fe-peak elements; if such a 
reservoir exists, it implies the accretion of 
~4% CC material (39). This scenario can be 
reconciled with our Zn isotope data if Earth 
accreted CI-like material, but it conflicts with 
O isotope constraints (41, 42). If the uniden- 
tified component is instead carbonaceous (72), 
the mass balance would allow for a larger CC 
contribution that is more consistent with our 
Zn isotope data. In the latter scenario, 30 to 
60% of the BSE Mo budget would be derived 
from the carbonaceous reservoir (12). This can 
be reconciled with our Zn isotope constraints 
because Mo is more easily incorporated into 
Earth’s core than Zn, so the BSE Mo isotope 


composition reflects only the final 10 to 20% 
of accretion, implying a minimum Mo-based 
Xcc of 3 to 12%. Therefore, a ~10% CC con- 
tribution composed of CMs or a mixture of CI, 
CM, and CO-CV chondrites can be reconciled 
with refractory-element nucleosynthetic iso- 
tope anomalies (72, 19), O isotope constraints 
(41, 42), and our Zn results (Fig. 3). 


Origin of Earth’s zinc 


Our mass-balance calculations assume that 
the CC material and Earth did not experience 
Zn loss before or during accretion; the results 
then suggest that the NC material was, on av- 
erage, depleted in Zn relative to CCs. Although 
some NC meteorites have high Zn elemental 
abundances [>300 ug g ~ (table $3)], an accre- 
tion scenario with a volatile-rich NC compo- 
nent and volatile-depleted CC material can only 
be accommodated in the Zn mass balance if xc 
is large. However, that is difficult to reconcile 
with refractory-element isotope compositions, 
which indicate a smaller contribution from 
CCs. Substantial loss of Zn from planets dur- 
ing their accretion, or directly from the accre- 
ting material, would introduce mass-dependent 
isotope fractionation. This would leave plan- 
ets and meteorites enriched in heavy isotopes 
of volatile elements, as measured for Zn and 
Kin lunar rocks (43, 44). A similar signature 
is not observed for the BSE, indicating that 
Earth’s volatile depletion arose from pro- 
cesses in the protoplanetary disk rather than 
from evaporation during subsequent accre- 
tion (43, 44). 

If the volatile elements in the BSE are rep- 
resentative of the accreting material, our re- 
sults also constrain the mean Zn abundance 
of the NC material added to Earth. If about 
half of Earth’s Zn, with [Zn]pp = 40 to 70 ug 7, 
was provided by NC bodies with a combined 
mass of 77 to 97% of Earth’s, this implies a Zn 
abundance of 18 to 48 ug g | in the NC ma- 
terial. That is consistent with measured ranges 
for ECs (7.5 to 519 ug g ) and OCs [14: to 158 ug 
g’ (table S3)]. Elements with condensation 
temperatures similar to Zn (500 K < Toso < 
750 K) are depleted by similar proportions in 
CCs, with an equivalent trend also observed 
for the BSE (3). 

In conclusion, our Zn isotope data indicate 
that about half of Earth’s Zn inventory was de- 
rived from carbonaceous material, which pro- 
vided ~10% of the planet’s mass. It is therefore 
likely that carbonaceous material also made 
substantial contributions to Earth’s abundances 
of other moderately and highly volatile elements. 
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COSMOCHEMISTRY 


Meteorites have inherited nucleosynthetic anomalies 
of potassium-40 produced in supernovae 


Nicole X. Nie’*+, Da Wang'*+, Zachary A. Torrano!, Richard W. Carlson’, 


Conel M. O’D. Alexander’, Anat Shahar 


Meteorites record processes that occurred before and during the formation of the Solar System in the 
form of nucleosynthetic anomalies: isotopic compositions that differ from the Solar System patterns. 
Nucleosynthetic anomalies are rarely seen in volatile elements such as potassium at bulk meteorite 
scale. We measured potassium isotope ratios in 32 meteorites and identified nucleosynthetic anomalies 
in the isotope potassium-40. The anomalies are larger and more variable in carbonaceous chondrite 
(CC) meteorites than in noncarbonaceous (NC) meteorites, indicating that CCs inherited more material 
produced in supernova nucleosynthesis. The potassium-40 anomaly of Earth is close to that of the 
NCs, implying that Earth’s potassium was mostly delivered by NCs. 


ucleosynthetic anomalies are isotopic 
abundance patterns that deviate from 
the apparently uniform Solar System 
patterns. Their presence in primitive 
meteorites provides information about 
the production of nuclides in stars (stellar 
nucleosynthesis), the incorporation of ele- 
ments into the Solar System during its for- 
mation, and the subsequent processing and 
transport of material in the solar nebula (the 
cloud of gas and dust from which the Solar 
System formed by condensation). Nucleosyn- 
thetic anomalies have been identified in bulk 
meteorites for several refractory elements, 
i.e., those that condense from the solar nebula 
before or concurrent with the major elements 
Mg, Si, and Fe (7), namely Ca (2), Ti (3), Cr (4), 
Fe (5), Ni (6), Mo (7), and Ru (8, 9). However, 
despite sensitive searches (10), these anomalies 
are rarely seen in volatile elements, i.e., those 
that condense after the major elements. 

The lack of detectable nucleosynthetic anom- 
alies in volatile elements has been interpreted 
as indicating that extensive thermal process- 
ing in the hot solar nebula volatilized solid 
dust particles and homogenized the distribu- 
tion of volatile elements in the Solar System, 
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but not the refractory elements. For the mod- 
erately volatile element (MVE) potassium (K), 
variations of the “'K/®°K ratios measured in 
bulk meteorites might reflect nucleosynthetic 
anomalies (17). However, the “'K/®°K ratios 
correlate with S7’Rb/*’Rb ratios in carbona- 
ceous meteorites, which could arise if K and 
Rb experienced mass-dependent isotope frac- 
tionation (processes that produce different 
isotope abundances in proportion to their masses) 
when they were evaporated and recondensed 
into chondrules (millimeter-sized glassy spher- 
ules) during meteorite formation (72). These 
competing interpretations cannot be distin- 
guished with measurements of only two iso- 
topes (*"K and °K), because the same ratio 
could arise from either mass-dependent frac- 
tionation or nucleosynthetic anomalies. 

If the variations in the “'K/*°K ratio are due 
to nucleosynthetic anomalies, then measure- 
ments of a third isotope (such as *°K) will 
deviate from the mass-dependent relation- 
ship defined by the other two isotopes. How- 
ever, “°K has not been measured in meteorites 
because of its much lower natural abundance 
(the mole fraction of *°K is 0.012% of total K 
atoms). Previous measurements of K isotopes 
(11, 12) were limited by instrumental interfer- 
ences from “°Ar and *°Ca, which are far more 
abundant than “°K. 


K isotope measurements 


We sought to overcome this limitation using 
thermal ionization mass spectrometry (TIMS) 
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Fig. 1. K isotopic anomalies of meteorites 
with low CRE corrections. For each meteorite 
or terrestrial standard (labeled on the left), 
the empty and colored symbols represent 
K isotopic anomalies before and after CRE 
correction, respectively. Each color and 
symbol type indicates a class of 

meteorites (labeled on the right) that 

are separated by solid gray horizontal 

lines; dashed gray horizontal lines 

separate subclasses. The blue 

shaded region indicates the 

terrestrial range. Error bars 

indicate 95% confidence interval. 

Only samples with CRE corrections 

of e“°K <1 are shown here; fig. S3 

shows all of the samples. The analytical 
uncertainty is ~£0.4 on this scale. 


to measure all three isotopes of K without in- 
terference from other elements. Meteorites are 
broadly divided into carbonaceous chondrite 
(CC) and noncarbonaceous (NC) families on 
the basis of their physical, chemical, and iso- 
topic properties. We measured 32 bulk mete- 
orites (table S1 and data S1A): 10 CCs (from the 
CI, CM, CV, CO, and CR subgroups), 18 NCs 
[enstatite chondrite (EC) groups EH and EL 
and ordinary chondrite (OC) groups H, L, and 
LL], and four martian meteorites. Because K 
is highly soluble in water, all but one of the 
samples that we selected were collected soon 
after observed falls to Earth to minimize any 
potential terrestrial contamination introduced 
by rain or dew. The K isotopic data are ex- 
pressed using the e*°K notation as follows: 


(*K/*K) anil 1 
(°K /*°K) bu 


terrestrial standard 


e*°K =10, 000 


(1) 
where asterisks indicate that corrections have 


been applied to remove the mass-dependent 
fractionation component. The e*°K value would 
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Orgueil-a (Cl1) 
Orgueil-b (Cl1) 
Ivuna (Cl1) 

Mighei (CM2) 
Murchison-a (CM2) 
Murchison-b (CM2) 
Allende (CV3) 
Vigarano (CV3) 
Lancé (CO3.5) 
Renazzo (CR2) 


Parnallee (LL3.6) 
Bishunpur (LL3.5) 
Saint-Séverin (LL6) 
Farmington (L5) 
Ucera (H5) 

Kesen (H4) 
Queen's Mercy (H6) 


Indarch (EH4) 
Abee-a (EH4) 
Abee-b (EH4) 
Pillistfer (EL6) 


Zagami (Shergottite) 
Shergotty (Shergottite) 


ALV-519-4-1 
VE-32 
BCR-2 
BHVO-2 


be zero for mass-dependent isotope fractiona- 
tion and nonzero for isotopic anomalies. 

Our measured e*°K variations in the bulk 
meteorite samples range from ~0O to +4.5, 
with typical uncertainties of +0.4 (table S1). 
These variations are similar to the ranges of 
nucleosynthetic anomalies previously found 
for refractory elements (2-9). 


Origins of the isotopic anomaly 


These deviations of K isotopes from the ter- 
restrial standards could have four causes: (i) in- 
accuracy of our correction for mass-dependent 
fractionation leading to an apparent anomaly; 
(ii) radioactive decay of short-lived “'Ca to “'K; 
(iii) excess “°K through the reaction *°Ca(n, p) 
4°K or spallation of Fe-group nuclides pro- 
duced by cosmic ray exposure (CRE) of the 
meteorites during transfer to Earth (13); or 
(iv) pre-Solar System anomalies inherited 
from stellar nucleosynthesis. 

To test scenario (i), we calculated correc- 
tions using several different mass depend- 
encies in addition to the fiducial exponential 
function (/4). We found a maximum appar- 
ent e*°K of +0.06 (fig. $1), which is ~10 times 


640K 


smaller than the analytical uncertainty, so 
scenario (i) cannot be the cause of the ob- 
served variation. In scenario (ii), radioactive 
decay of *'Ca would produce an excess in “'K, 
and therefore a deficit in “°K after correction 
for mass-dependent fractionation. This is in- 
consistent with our measurements of zero or 
positive e“°K values. In addition, the low initial 
*1Ca/*Ca ratio of the Solar System [~10°° to 10°° 
(15)] would produce only enough “"K to contrib- 
ute -0.02 to e“°K in bulk samples (J4), which is 
10 times smaller than our uncertainties and thus 
would not be detectable. For scenario (iii), we 
calculated the CRE-induced “°K excess (e*’ Kear; 
see table S1 and fig. $2) using previously con- 
strained “°K production rates (13); the CRE age 
of each meteorite; and their K, Ca, and Fe con- 
centrations (14). We found that e“°Kcrx is gen- 
erally small in CCs, but larger in NCs because of 
their longer CRE ages. After deducting e* Kopp 
from the measured e“°K, many meteorites still 
show *°K excesses (€*°Kcorr; see table $1 and 
fig. S3). To further determine whether the ele- 
vated e“K¢o,, values are due to nucleosynthetic 
anomalies, we focused on the samples with 
the lowest CRE corrections. About half of our 
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341K (%o) 


Fig. 2. Comparison of “°K anomalies, 5“! values, and °2Mo anomalies 
for different meteorite groups. Colored symbols represent different 
groups. Error bars indicate 95% confidence interval. Blue and pink areas 
represent CC and NC families, respectively. The horizontal and vertical 
dashed lines indicate the Earth values. (A) Average e*°K for each meteorite 
class (after CRE correction; data S1D) shown as a function of 8“'K (11). The 


samples have small differences between the mea- 
sured e“°K and the values corrected for CRE (fig. 
S4). After this reduction in samples, most CCs 
show “°K excesses (Fig. 1), whereas all but two 
NCs have €*°K¢o,1 values that are consistent with 
the terrestrial value. We infer that the observed 
40K excesses cannot be explained solely by CRE, 
and they must reflect pre-Solar System processes. 
We regard stellar nucleosynthesis as the most 
likely cause of the K isotopic anomalies. 

With only three isotopes, we cannot deter- 
mine from the measurements alone which iso- 
tope is anomalous. Expressing the results as 
e*°K implicitly assumes that “°K is anomalous, 
not the other two isotopes. However, a prev- 
ious study (11) suggested that the variation of 
the “K/*°K ratio (without correction for mass- 
dependent fractionation) between meteorite 
groups indicates anomalies in “'K. If this is cor- 
rect, meaning that “"K and not “°K is the anom- 
alous isotope, then the “K anomaly would have 
been reassigned to *°K during our mass frac- 
tionation correction. In that case, our e*°K val- 
ues would correlate with their 5“'K values 


(“K/K) 
(“K/?°K) 


3"K = 1000 satnple 1 


terrestrial standard 
(2) 


F 10,000|M (*“K)—M(K) 
with a slope of ~—5 (because — STE 
~ —5, where M is the mass of each isotope). 
However, we did not find such a correlation 
(Fig. 2A), indicating that the anomaly is in “°K 
not “'K. This is consistent with a previous sug- 
gestion (12) that the 5“"K variations among the 
CC groups reflect mass-dependent fractiona- 
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tion associated with chondrule formation and 
thus are not of nucleosynthetic origin. 


Comparison with nucleosynthesis models 


Models of stellar nucleosynthesis predict that 
4°K is most likely the anomalous isotope. All 
three K isotopes are primarily produced dur- 
ing core-collapse explosions of massive stars 
(type II supernovae), but 40K is produced 
by more nuclear reaction pathways than the 
other two isotopes (J6, 17). Using a set of ex- 
isting supernova nucleosynthesis models (18), 
we tracked the production of K in a 25 solar 
mass (M.) supernova (J4). We assumed that 
the yield of this model is representative of the 
average from type II supernovae of all masses 
(14). The results show that *°K is produced at 
different stages of the supernova than *°K and 
41K (fig. S5). The production of ?°K and “K 
(including radiogenic *°K and “'K from short- 
lived *°Ar and “'Ca, respectively) occurs main- 
ly in the O/Si/S zone of the supernova due to 
fusion of oxygen (O burning). By contrast, O 
burning accounts for <20% of *°K production. 
Most “°K is instead produced by C burning 
and the weak slow neutron capture process 
(weak s-process) in other zones (/4). Individual 
zones of supernovae are usually homogeneously 
mixed because of convection, but different 
zones vary in composition (78). Therefore, the 
synthesis of *°K is temporally and spatially 
decoupled from that of °K and “"K, so “°K is 
more likely to vary in abundance in different 
parts of the supernova ejecta. 

Alternative nucleosynthesis origins could 
produce anomalies in “*K due to radioactive 
decay of “'Ca. This might occur in asymptotic 


Matrix-chond 


rule mixing curve 


©92Mo 


red dashed line indicates the slope —5 trend that would be expected if 

“1K were anomalous and not *°K. The data are not consistent with that 
interpretation. (B) Average e“°K for each meteorite class as a function of 
e°*Mo nucleosynthetic anomalies (data S1, D and E). The data are consistent 
with a CC-NC dichotomy. The dashed black curve shows a calculated 
matrix-chondrule mixing curve for CCs. 


giant branch (AGB) stars, where little K is 
synthesized, but *’Ca could be produced 
through neutron capture by *°Ca (19). Alterna- 
tively, cooling and condensation of supernova 
ejecta could fractionate Ca from K, because 
Ca condenses at a higher temperature than 
K (16). If condensation occurs before the 
decay of “'Ca [half-life of 9.94 x 10* years (20)], 
then the first dust grains to condense would 
have high Ca/K ratios, leading to radiogenic “"“K 
excesses once the “Ca decays. A comple- 
mentary low Ca/K reservoir with “"K depletion 
would be expected in the grains that con- 
densed later, but the degree of “"K depletion 
might be too small to be detectable. ““K anom- 
alies have only been detected as excesses in 
microscale presolar grains (27). Any excesses 
in ““K would appear as deficits in *°K in our 
measurements, as described above, so if any 
“IK excesses are present, then our measured 
e*°K values are lower limits. 

We would expect large-scale “°K heteroge- 
neity in the interstellar medium. The abun- 
dance of “°K decreases with time by decaying 
to *°Ca and *°Ar, with a half-life of 1.25 billion 
years (22). However, multiple generations of 
supernovae would inject freshly synthesized 
40K into their local interstellar medium, caus- 
ing an enrichment of *°K in those areas com- 
pared with the average interstellar medium. 
It is not known from which area the Solar 
System K is inherited, but if we assume that 
the difference between the *°K enrichment 
in the supernova nucleosynthesis model and 
that in the Solar System reflects the decay of 
40K then we can calculate an average delay of 
~3 billion years between K production during 
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Fig. 3. Calculated 
fractions of Earth’s 

K that could have 
originated from CC and 
NC reservoirs. The 

black line (with blue 
uncertainty region) shows 
Earth's e°K value of 

0.0 + 0.3, constrained by 
terrestrial standards. 

The results are split 
between two panels (A) 
and (B) with different 


©40K of mixture 


vertical scales for clarity. 0 0.2 


For each CC meteorite 
group, we calculated the 
°K that would result 
from a mixture between 


0.4 0.6 0.8 1 
Fraction of K from CC 


the NC reservoir (e*°K = 
-0.06 + 0.18, indicated by 
the red line and shaded 


uncertainty region) and 
different fractions of CC 
meteorites. Each CC 
group is represented by a 
solid line and a shaded 
uncertainty region in the 
same color (see legend); 
white dots denote the 

CC fraction from 0 to 1 


©°0K of mixture 


in increments of 0.1. 0 0.2 


(A) Because the CM 
group has e“°K = 0.42 + 
0.99, which overlaps with 


0.4 0.6 0.8 1 
Fraction of K from CC 


that of the Earth, any fraction of K from CMs is allowed. However, a large contribution (>20%) from CMs is 
inconsistent with other isotopic systems (33). If Cl is the CC component, then the amount of K from Cl is 
restricted to <10%. (B) For CV, CO, and CR chondrites, the K fraction is restricted to <20%. These 
calculations assume no volatile loss during Earth's accretion. 


supernova nucleosynthesis and the birth of 
the Solar System (/4). 


Dichotomy between CCs and NCs 


Nucleosynthetic anomalies of refractory ele- 
ments show distinct patterns for CCs and NCs 
(23, 24). This CC-NC dichotomy has been at- 
tributed to barriers separating the inner Solar 
System (where NCs formed) from the outer Solar 
System (where CCs formed), combined with in- 
fall of additional material from the surround- 
ing molecular cloud with a composition varying 
over time (25, 26). The isotopic anomalies that 
we found for K are consistent with the CC-NC 
dichotomy previously defined by anomalies in 
refractory elements (Fig. 2B and fig. S6). The 
NCs in our sample have e*°K values close to the 
terrestrial value, whereas the CCs show a wide 
range of excesses, suggesting that the CC reser- 
voir received higher contributions of material 
produced in type II supernovae. However, there 
is no correlation between the anomalies of K 
and those of refractory elements, except for Mo 
in the CCs, which correlates with K [Fig. 2B and 
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fig. S7 (14)]. The lack of correlation with most 
refractory nuclides is probably because these 
nuclides are produced by different nucleosyn- 
thetic processes [many of the relevant nuclides 
are primarily produced in type Ia supernovae, 
eg, “Ca, Ti, “Cr, and “Ni (17)] or because they 
condense onto different dust grains at different 
times than K because they are more refrac- 
tory. In contrast to K isotopes, which are mainly 
synthesized in supernovae, bulk meteorites 
show Mo isotopic anomalies consistent with an 
s-process deficit, suggesting that Mo is predomi- 
nantly produced in AGB stars (27-29). There- 
fore, the K and Mo anomalies are unlikely to 
have the same nucleosynthetic origin. 

The correlation between K and Mo could 
reflect volatility control, because K is volatile 
and Mo becomes volatile under oxidizing con- 
ditions (30). The anomalies of refractory ele- 
ments among the CC groups might reflect 
mixing between the three basic chondritic 
components (chondrules, refractory inclusions, 
and fine-grained matrix with similar compo- 
sition to CI chondrites) in varying proportions 


(31). The abundance of refractory inclusions is 
related to the magnitude of the anomalies in 
bulk CCs for some refractory elements (e.g., Ca 
and Ti) but not for Mo (37). Mass balance con- 
siderations show that chondrules and matrix 
are the two dominant reservoirs for Mo (29) 
and K (72). We calculated matrix-chondrule 
mixing for K and Mo anomalies (14), finding 
that the CCs follow the theoretical mixing 
curves (Fig. 2B and fig. S7) between two end 
members: (i) matrix, with a large “°K excess 
and °’Mo deficit, and (ii) chondrules, with 
small or opposite anomalies. We expect the 
matrix to preserve the largest anomalies be- 
cause it is less thermally processed than chon- 
drules. The anomalies in matrix are consistent 
with nucleosynthesis in supernovae producing 
4°K excesses and that in AGB stars produc- 
ing °°Mo deficits [figs. 85, S8, and S9 (74)]. 
Chondrules were formed by high-temperature 
heating of CI-like matrix (or dust with similar 
composition), which could have preferentially 
destroyed carriers of Mo and K anomalies, 
leading to smaller or opposite anomalies. Sub- 
sequent mixing between matrix and chondrules, 
in variable proportions, could have produced the 
K-Mo trend among CC groups (Fig. 2B). How- 
ever, if this mixing model is correct, then the 
magnitudes of both K and Mo anomalies should 
increase with increasing mass fractions of 
matrix in the CC groups. We found that this is 
only true ifthe CM group is excluded (fig. S10). 
It is unclear why the CM group might be an 
outlier; possibilities include sampling bias or 
that CMs incorporated material from differ- 
ent reservoirs than other CC groups (14). 


Origin of Earth's K 


The implications of our e*°K measurements 
for the sources of Earth’s K and potentially 
other MVEs (74) are as follows. For unknown 
reasons, Earth is strongly depleted in MVEs 
compared with CI chondrites, which are 
thought to reflect the bulk Solar System com- 
position. One possibility is that Earth initially 
accreted with a low abundance of volatile ele- 
ments, then acquired them by later addition 
of CC-like materials (32). Another possibility is 
that volatile elements could have been deliv- 
ered predominantly by NCs, which are thought 
to be the major building blocks of Earth (33). 
Our results show that Earth has an e“°K value 
overlapping with those of NCs and CMs; how- 
ever, CMs cannot be the dominant source of 
Earth’s K because their K concentrations would 
require Earth to have an implausibly high frac- 
tion of CM material (~50% of Earth’s mass), 
which contradicts constraints from several 
other isotopic systems (33). 

We calculated the allowed fraction of Earth’s 
K that could have been derived from CCs by 
assuming that it is from a mixture of NC and 
CC materials [Fig. 3 (14)]. We found that CCs 
contribute <20% of Earth’s K, equivalent to a 


27 JANUARY 2023 * VOL 379 ISSUE 6630 375 


RESEARCH | RESEARCH ARTICLES 


maximum contribution of ~13% to Earth by 
mass over all elements (assuming no volatile 
loss during or after delivery). This is consistent 
with previous estimates of several percent to 
10% by mass (33, 34), suggesting that Earth’s 
K has a predominant NC origin. The small 
contribution of CCs for K and other elements 
(33, 34) is incompatible with a pebble ac- 
cretion origin of rocky planets (5, 35), but is 
consistent with the hypothesis that dust- 
drift barriers separated the CC and NC reser- 
voirs from each other (25, 26, 34). 
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Light regulates physiology, mood, and behavior through signals sent to the brain by intrinsically 
photosensitive retinal ganglion cells (ipRGCs). How primate ipRGCs sense light is unclear, as they are 
rare and challenging to target for electrophysiological recording. We developed a method of acute 
identification within the live, ex vivo retina. Using it, we found that ipRGCs of the macaque monkey are highly 
specialized to encode irradiance (the overall intensity of illumination) by blurring spatial, temporal, and chromatic 
features of the visual scene. We describe mechanisms at the molecular, cellular, and population scales that 
support irradiance encoding across orders-of-magnitude changes in light intensity. These mechanisms are 
conserved quantitatively across the ~70 million years of evolution that separate macaques from mice. 


any visual functions are non-image- 
forming: they respond less to details 
in the scene than to irradiance. For 
example, irradiance indicates the Sun’s 
position in the sky and is therefore 
used to synchronize the circadian clock with 
local time, regulating patterns of physiology 
and gene expression in practically every tissue 
(1). IpRGCs are necessary for circadian photo- 
regulation and many other non-image visual 
functions (2). These neurons sense light di- 
rectly using a G protein-coupled receptor called 
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melanopsin and indirectly through retinal 
circuitry (2, 3). We investigated how primate 
ipRGCs encode irradiance, focusing on two 
key requirements: insensitivity to image detail 
and the signaling of light levels spanning sev- 
eral orders of magnitude from night to day 
(1, 4). Our study rests on two technical ad- 
vances: First, we developed an immunotagging- 
based approach that identifies these rare 
neurons acutely in the live, ex vivo retina, 
making them accessible to single cell analysis. 
Second, we transplanted macaque melanopsin 
into mouse ipRGCs, allowing properties of this 
molecule to be examined in a well-defined 
context. Our experiments concern the intrinsic, 
melanopsin-driven light response that dis- 
tinguishes ipRGCs from other retinal output 
neurons (2, 5). 


Ex vivo, live identification of macaque ipRGCs 


In humans and other primates, ipRGCs con- 
stitute ~0.4% of the retinal output neurons (6) 
and require a reliable method of identification 
for systematic study. To examine their electri- 
cal responses, live identification is needed (3, 7). 
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Fig. 1. Photoswitchable persistent responses in live-immunotagged 
macaque ipRGCs. (A) Antibody labeling in live tissue reveals diverse ipRGCs 
(inverted fluorescence images). (Left) Z projection through a 13.5-um thick 
volume containing the ganglion cell layer (GCL) and inner aspect of the inner 
plexiform layer (IPL). Arrowheads mark ipRGCs with somata in the GCL. 
Fluorescence in the upper left is from a blood vessel. (Right) for the same 

XY position, a Z projection through a 29-um thick volume containing the rest of 
the IPL and the inner aspect of the inner nuclear layer (INL). Arrowheads are 
in the same positions. (B) (Left to right) expanded views of two lightly stained 
ipRGCs with somata in the GCL; an outer-stratifying ipRGC with its soma in the 
GCL (superficial and deep projections juxtaposed); and three outer-stratifying 
ipRGCs with somata displaced to the INL [corresponding to the orange box in 
(A)]. (C) Loose patch recording. A pulse of short-wavelength light evokes 


Fig. 2. Macaque melanopsin multistability underlies . esi 


temporal and chromatic integration. (A) “Hybrid” 
mouse ipRGCs have both melanopsin alleles replaced by 
Cre recombinase (Opn4°°“"*) and are transduced with a 
virus driving Cre-dependent macaque melanopsin and 
EGFP. Immunolabeling for EGFP and macaque melanopsin 
are shown with a merge. (B) Short- and long-wavelength 
switching of persistent phototransduction in a hybrid 
ipRGC. (C) Criterion action spectra measured in hybrid 


mouse: Opn4cre'cre 
AAV: Mac. Opn4-IRES-EGFP 


Macaque Opn4 


persistent spiking near body temperature (35°C). The inset shows spike 
waveforms on an expanded time base (excerpt position marked with an arrow) 
(D) (Top) Persistent spiking in another ipRGC. Peristimulus time histogram 
(PSTH) for three trials shown on right (23°C). (Bottom) For the same cell, 
chasing the short-wavelength light with long-wavelength 
persistent response (PSTH from three trials). (E) Perforated-patch recording in 
voltage clamp (-80 mV, 23°C). Short- and long-wavelength switching of 
persistent photocurrent. Long-wavelength light evokes current because some 
photon absorptions cycle melanopsin molecules through 
even as the photoequilibrium favors low occupancy of this state. Response 
traces are low-pass filtered at 2 Hz. (F) 2-s long segments of the same 
recording, keyed to time points in (E). Traces are low-pass filtered at 20 Hz. 
Synaptic antagonists. (For all figures, see Methods for stimulus details.) 


ight curtails the 


the signaling state, 


Merge 


ipRGCs (Methods), reflecting the absorption spectra 


of macaque melanopsin, following prolonged darkness 
(left; 11 cells) or from atop a background of 600-nm light 
(right; 11 different cells). The data are fit to templates 
(18) for single pigment states, yielding peak wavelength 
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respectively [the solid line represents the cell in (F) and the dashed line another cell; measurement ranges are shaded]. Synaptic antagonists, 23°C. 


We sought an ex vivo method that could be 
applied acutely to live tissue collected oppor- 
tunistically. We raised an antibody against 
melanopsin’s N terminus. The antibody labeled 
live cells with the morphological features of 
ipRGCs (3, 6) (Fig. 1, A and B). We further 
validated the antibody using heterologous 
expression of macaque melanopsin in cell lines 


and mouse ipRGCs (Fig. 2 and figs. S1 and S2). 
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We compared light responses between macaque 
ipRGCs (identified with antibody) and mouse 
ipRGCs expressing macaque melanopsin in 
place of their own (identified without anti- 
body) and detected no differences in melanopsin 
function (see below). This method of identify- 
ing cells within live tissue should generalize 
to other cell types of any species for which 
ectodomain markers are accessible. 


Our study concerns outer-stratifying ipRGCs, 
whose dendrites are placed deep within the 
retina (henceforth, simply “ipRGCs”; see Meth- 
ods). They are anatomical orthologs of the M1 
type of rodent ipRGCs. M1 ipRGCs have the 
highest melanopsin expression, exhibit the 
largest intrinsic light responses, and are es- 
sential drivers of non-image visual functions 
that include circadian photoregulation (2, 8, 9). 
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Fig. 3. Macaque ipRGCs collectively encode a broad range of light intensi- 
ties through differential intrinsic tuning. (A) Loose- 
macaque ipRGCs. (Left) As light intensity increased, this cell increased 

spiking and then silenced. Its tuning curve (intensity-firing relation) is unimodal 
(right). Spikes diminished in size until silencing. Spiking resumed when light 
intensity decreased (fig. S6A). (Right) This cell increased spiking toward a 

ng curve is monotonic. (B) Unimodal and 
monotonic ipRGCs are tuned to different irradiances. Curves are normalized by 
their peaks and vertically offset for display. (C) Single photon response estimated 
using perforated-patch, voltage-clamp recordings (-80 mV) from macaque 


plateau and did not silence. Its tuni 


ipRGCs. (Upper left) Linear superposition of dim-flash 
When scaled by stimulus intensity, 


To focus on cell-autonomous mechanisms, we 
applied antagonists of synaptic transmission 
in all electrophysiological experiments. 


Macaque melanopsin supports temporal and 
spatial integration 


To study how macaque ipRGCs encode irra- 
diance, we examined the electrical spikes that 
they fire to convey visual information to the 
brain. Even when driven by their intrinsic 
responses alone, ipRGCs spiked during illu- 
mination and long afterward; post-illumination, 
persistent firing lasted 270 + 50 s (mean + SD, 
3 cells examined at 35°C; Fig. 1C). Macaques 
make large eye movements several times per 
second to scan a given visual scene (10). Per- 
sistent spiking continues over more than a 
thousand such saccades, blurring spatial in- 
formation and favoring irradiance encoding. 
We asked how persistent spiking is driven 
by melanopsin, a pigment of the rhabdomeric 
type (2). These pigments tend to be bistable: 
when the ground state absorbs a photon, it 
switches to an active state that has a long 
lifetime (77). When the active state absorbs a 
photon, it switches to the ground state, de- 


he same smooth curve (see Methods) fits 
both responses. Traces are averages of 16 trials, low-pass filtered at 0.5 Hz. 


activating the cell. Evidence for bistability has 
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been reported for the melanopsin of primates 
(72) and the invertebrate amphioxus (73). These 
studies suggest that long-wavelength light 
(= ~560 nm) is preferentially absorbed by 
melanopsin’s active state and should therefore 
produce deactivation, although this has not 
been tested directly in primate ipRGCs. We 
found that long-wavelength illumination acute- 
ly suppressed the persistent spiking of macaque 
ipRGCs (Fig. 1D and fig. S3; 3 of 3 cells). Thus, 
persistent spiking appears to originate with 
the long-lived active state of a photoswitchable 
melanopsin. 

Because persistent activity can be mediated 
by voltage-gated ion channels (74), we clamped 
the membrane voltage to suppress these 
channels. Photoswitchable persistent responses 
remained (Fig. 1, E and F; 3 of 3 cells, decay time 
constant 123 to 404 s at 23°C), providing addi- 
tional evidence that they arise from melanopsin. 

Unlike the monostable pigments of rods 
and cones, which disassemble after activation 
and require accessory cells for reassembly (2), 
amelanopsin molecule that has been switched 
off by light is available immediately to be 
switched on again. This supports a sustained 
representation of irradiance. Indeed, without 
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(Lower left) Variance and mean of the same ipRGC’s responses to 11 identical 
s shown at right). The variance and the mean can be fit by the 
curve, scaled differently. Dividing the variance by the mean gives 
ngle photon response amplitude, which is 0.36 pA for this 
Individual trials fo 
iance/mean ratio) and the integration time (integral/peak ratio) 
computed in 5 and 7 ipRGCs, respectively. These parameters did not depend on 
the amplitudes of the responses analyzed, whose means ranged from 0.92 to 
any ipRGCs are tuned by depolarization block. (Top) Spike rates at 
the threshold (I; Methods) and top (10*xIq) irradiances. “Recov.” is the spike 
rate closest to the threshold rate recovered when irradiance is lowered. (Bottom) 
Same analysis but for recovery of spike amplitude. Synaptic antagonists, 35°C 
(A, B, and E) or 23°C (C and D). 


this cell. (D) The single photon response 


melanopsin some non-image visual functions 
are abnormally transient (2). 


Macaque melanopsin supports a degree of 
wavelength integration 


Our experiments indicate that melanopsin can 
be switched from an active to an electrically 
silent state but have not addressed the nature 
of that silent state. If melanopsin is bistable, 
that state is the ground state. However, mouse 
melanopsin appears tristable, possessing a 
ground state, an active state, and an “extra” 
state (E) that is electrically silent (75, 16). The 
ground and active states absorb long wave- 
lengths more effectively than the E state, so 
that long-wavelength light causes the E state 
to accumulate. We asked whether macaque 
melanopsin deactivates by returning to the 
ground state (consistent with bistability) or by 
switching to another electrically silent state. 
We examined macaque melanopsin in mouse 
ipRGCs that lacked their endogenous melanopsin 
alleles through replacement with Cre recom- 
binase (17). These “hybrid” ipRGCs (mouse 
ipRGCs expressing macaque melanopsin) are 
relatively plentiful and provide a more phys- 
iological setting than immortalized cell lines 
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Fig. 4. Regular spiking of macaque ipRGCs. (A) Spiking of a macaque ipRGC at low and intermediate 
firing rates. Insets display shaded portions of spike trains on an expanded time base. Spike times and histograms 
of interspike intervals (ISls) are shown. Fits are gamma distributions yielding the regularity parameters 

(k) indicated. (B) The same for a mouse ipRGC. (€) Values of k for ISls in 20 macaque ipRGCs (black) and 

26 mouse ipRGCs (red). Each cell is represented by 5 to 16 data points corresponding to stimulus epochs 

with different firing rates. The correlation of k with firing rate across stimulus epochs for an individual cell 
was 0.70 + 0.15 (macaque) or 0.67 + 0.21 (mouse). Solid lines are averages over 1-Hz bins. For a given firing 
rate, k has a higher average value in macaque cells than in mouse cells. Saturated (95% maximal) firing rates 
are similar in both species (see main text). Synaptic antagonists, 35°C. 


and biochemical preparations (Fig. 2A and 
fig. S2). We recorded hybrid ipRGCs that are 
likely of the M1 type (2) (see Methods). Macaque 
melanopsin activates phototransduction in 
these neurons. Similar to macaque ipRGCs, 
hybrid ipRGCs produced persistent responses 
that were suppressed by long-wavelength light 
(Fig. 2B and fig. S4, A to C; 12 of 12 cells). We 
therefore used hybrid cells to study the elec- 
trically silent state induced by long-wavelength 
illumination. 

We measured the wavelength sensitivity of 
cellular photoactivation (11, 15, 18). If macaque 
melanopsin were bistable, the action spectrum 
should be constant because it always reflects 
the absorption spectrum of the single ground 
state. However, this was not the case (Fig. 2C 
and fig. S4D). Following prolonged darkness 
to produce the ground state, we measured an 
action spectrum whose peak wavelength sen- 
sitivity (Amax; see Methods) was 467.2 nm. 
During long-wavelength illumination, the ac- 
tion spectrum had a Ainax of 453.5 nm instead, 
matching the E state of mouse melanopsin 
(15, 16) and indicating the presence of a second 
electrically silent state of macaque melanopsin. 
Statistical analyses indicate that the probability 
of our observing such widely separated values 
of Amax by chance is small (P < 107°; Fig. 2D). 
We also obtained quantitatively similar results 
in macaque ipRGCs (Fig. 2, Eto G, and fig. S5). 
Thus, our experiments indicate that macaque 
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melanopsin activates from at least two electri- 
cally silent states whose preferred wavelengths 
appear cyan (467.2 nm) and violet (453.5 nm) 
to trichromatic humans. This spectral separa- 
tion is roughly half of that between the two 
cone pigments that define the red-green axis 
of color vision in humans and macaques (19). 
Under natural light, melanopsin molecules 
could activate from both silent states (15), 
limiting the cell’s wavelength selectivity to 
promote irradiance encoding. 

Because we identified hybrid ipRGCs with- 
out inmunotagging, our experiments with 
these cells provide a natural control for effects 
of the procedure and indicate that it is in- 
nocuous for melanopsin function. Following 
live immunotagging, macaque melanopsin’s 
signaling state retains its thermal stability 
and its ability to be switched off by long- 
wavelength light (compare Fig. 1, C to F, with 
Fig. 2B and fig. S4, A to C), and the silent 
states retain their distinct spectral sensitiv- 
ities (compare Fig. 2, C and E, with Fig. 2, F 
and G and fig. S5B). 


Population coding of light intensity by 
macaque ipRGCs 


The intensity of environmental illumination 
varies over many orders of magnitude (4), 
whereas individual neurons have a much 
smaller range of distinguishable spike rates. 
We asked how the intrinsic mechanisms of 


primate ipRGCs help meet this challenge. We 
first determined the range over which mela- 
nopsin phototransduction drives spikes in 
these neurons. Rising irradiance caused spik- 
ing to increase and then silence for many 
macaque ipRGCs (11 of 20 cells; Fig. 3, A and 
B, and fig. S6), giving unimodal tuning curves 
(intensity-firing relations). For the remainder, 
spiking increases to a plateau or decreases 
slightly, giving monotonic tuning curves. In- 
dividually, ipRGCs saturated at relatively low 
firing rates (95% maximal spike rate of 8.2 + 
3.3 Hz; 20 cells) and modulated their spiking 
over a range of 2.7 + 0.83 log units of light 
intensity (19 of 20 cells; 1 excluded because 
threshold and peak firing rates were similar). 
Collectively, ipRGCs spanned a range of 5.2 log 
units, >100 times broader. The most sensitive 
cells were activated at 1.4 log photons pm~ 
sec’, approximately the intensity of moon- 
light and comparable to the threshold of cone 
photoreceptors (20). The least sensitive were 
saturated at 6.7 log photons pm™ sec’, ap- 
proximately the intensity of full daylight. 
Comparing half-saturating irradiances, the 
range is 2.5 log units. Rod and cone inputs are 
likely to extend this range even further (3). 
We next asked how some ipRGCs exhibit 
cone-like sensitivity. High photon capture by 
ipRGCs would interfere with image vision be- 
cause ipRGCs lie ahead of rods and cones in 
the eye’s light path. We hypothesized that, as 
in nocturnal mice (27), ipRGC sensitivity in 
diurnal primates is increased by the properties 
of the response to each captured photon. This 
single photon response originates with one 
photoactivated melanopsin molecule and is a 
building block of phototransduction. To de- 
fine it, we examined the responses to dim 
flashes. We found linear superposition of small 
responses (generally <3 pA at room tempera- 
ture, used for additional recording stability; 
Fig. 3C, fig. S7; Methods). The variance and 
mean of linear responses can be used to esti- 
mate the amplitude and duration (integration 
time) of the single photon response (27). These 
parameters were 0.29 + 0.04 pA and 24 + 8 s, 
respectively, when measured at room tem- 
perature (Fig. 3D). Extrapolating to body tem- 
perature (21, 22) (see Methods), where we 
measured tuning curves, yields ~0.87 pA and 
~11 s. These values exceed those of cone single 
photon responses, which have an amplitude 
of ~40 fA and an integration time of ~70 ms 
(23). The large size and long lifetime of the 
ipRGC single photon response favor sensitivity, 
the latter by increasing the likelihood that re- 
sponses to successive photon captures will sum. 
Behavioral studies indicate that melanopsin 
phototransduction is especially critical in bright 
light (2). The subset of monotonically tuned 
ipRGCs is important in this regime; each uni- 
modally tuned ipRGC is silenced as the light 
intensity exceeds its preferred range. Unimodal 
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ipRGCs tend to be those that are most sen- 
sitive and thus reach their maximum firing 
rates under relatively low light (intensities at 
peak firing for unimodal and monotonic ipRGCs 
are 4.8 + 0.74. and 6.0 + 0.62 log photons pm? s™, 
respectively; P < 10-°). Without silencing, these 
cells would fire at their maximum rates through 
much of the day. Silencing these relatively un- 
informative ipRGCs is likely to promote ener- 
getic efficiency (24). Monotonic ipRGCs are 
efficient because they fire at their highest 
rates only in the brightest light, which lasts a 
comparatively short period of time as the Sun 
follows its arc. 

How does silencing occur? As firing rates 
fall with increasing irradiance, spikes dwindle 
in height. This is a signature of depolarization 
block, where the spike generator is overdriven 
into a refractory state (Fig. 3, A and E). De- 
polarization block is increasingly recognized 
as a physiological state (25-27), and our data 
reveal that it tunes primate neurons. 


Discussion 


In this study, we developed a live immunotag- 
ging technique to study a defined subpopula- 
tion of macaque neurons. This technique should 
generalize to other cell types and species. We 
used it to locate outer-stratifying macaque 
ipRGCs for functional analysis. Concurrently, 
we used heterologous expression to study 
properties of macaque melanopsin in the back- 
ground of mouse ipRGCs. These approaches 
revealed specializations at the molecular, cel- 
lular, and population scales that allow ipRGCs 
to encode environmental illumination. 

Our results on the outer-stratifying macaque 
ipRGCs permit comparisons with the ortholo- 
gous population of outer-stratifying mouse 
ipRGCs (i.e., M1 ipRGCs) (15, 21, 22, 26, 28). A 
notable divergence lies in spiking regularity. 
Interspike intervals (ISIs) in macaque ipRGCs 
have a coefficient of variation (CV) whose mini- 
mum is 0.23 + 0.09 (20 cells). Fitting ISI dis- 
tributions with gamma functions (29) yields a 
maximum regularity parameter (k) of 60.8 + 
29.4, more than 3 times higher than the max- 
imum value observed in a survey of macaque 
cortical neurons (29) (Fig. 4, A and C, and fig. 
88). Analyzing existing data from mouse 
ipRGCs (26), we find minimum CV and maxi- 
mum k values of 0.71 + 0.19 and 8.9 + 2.6 
(26 cells), indicating 3.1 and 6.9 times lower 
spike regularity than that of macaque ipRGCs, 
respectively (Fig. 4, B and C, and fig. S8). These 
differences are not a consequence of differ- 
ent spike rates between macaque and mouse 
ipRGCs (95% maximal rates of 8.2 + 3.3 and 
7.7 + 0.9 Hz, respectively; Fig. 4C). In prin- 
ciple, the regular spiking of macaque ipRGCs 
allows different irradiance levels to be dis- 
tinguished more readily (fig. S9). 

With the exception of regular firing, our 
study indicates that cell-autonomous mech- 
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anisms are largely conserved between mouse 
and macaque outer-stratifying ipRGCs. Simi- 
lar to macaque melanopsin, mouse melanopsin 
has a long-lived signaling state that supports 
temporal (and hence spatial) integration as 
well as spectrally distinct silent states that 
support a degree of chromatic integration (15). 
Similar to macaque ipRGCs, mouse ipRGCs 
produce a large and prolonged single photon 
response (21, 22). Mouse ipRGCs also exhibit 
differential tuning to irradiance (22, 26), re- 
sembling macaque ipRGCs in the dynamic 
ranges of both single cells and the population. 

Our findings have the potential to improve 
artificial lighting, including that used for the- 
rapy in mood disorders (5). For example, we 
observe that moderate and not bright light 
causes the largest number of ipRGCs to signal 
downstream and that certain wavelengths 
suppress the persistent activity of these neu- 
rons. Future studies should examine how 
these intrinsic properties combine with rod- 
and cone-driven signals to shape the outputs 
of ipRGCs (2, 3, 5). 

Organisms as diverse as coral and hu- 
mans sense light using melanopsin (30). The 
melanopsin-expressing ipRGCs exist in every 
mammal so far examined, even subterranean 
mole rats (2). Mice and macaques are sepa- 
rated by ~70 million years of evolution (37) as 
well as by their divergent visual ecologies (e.g., 
nocturnal versus diurnal). Nonetheless, the func- 
tional requirements of irradiance encoding— 
insensitivity to image detail and the need for 
a wide dynamic range—are constant across 
the divide. The persistence of distinctive mo- 
lecular, cellular, and population-level features 
suggests that these functional requirements 
place strong constraints on neurons that have 
evolved to report the intensity of environ- 
mental illumination. 
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GEOCHEMISTRY 


How temperature-dependent silicate weathering acts 
as Earth’s geological thermostat 


S. L. Brantley'?*, Andrew Shaughnessy’, Marina |. Lebedeva', Victor N. Balashov'+ 


Earth’s climate may be stabilized over millennia by solubilization of atmospheric carbon dioxide (COz2) 
as minerals weather, but the temperature sensitivity of this thermostat is poorly understood. We 
discovered that the temperature dependence of weathering expressed as an activation energy 
increases from laboratory to watershed as transport, clay precipitation, disaggregation, and fracturing 
increasingly couple to dissolution. A simple upscaling to the global system indicates that the 
temperature dependence decreases to ~22 kilojoules per mole because (i) the lack of runoff limits 
weathering and retains base metal cations on half the land surface and (ii) other landscapes are 
regolith-shielded and show little weathering response to temperature. By comparing weathering 
from laboratory to globe, we reconcile some aspects of kinetic and thermodynamic controls on CO2 


drawdown by natural or enhanced weathering. 


ver multimillion-year time scales, the 
balance between weathering of silicate 
rocks and volcanic degassing may con- 
trol the atmospheric concentration of 
COs, one of the most important green- 
house gases that regulate Earth’s climate. 
Silicate weathering accelerates with tempera- 
ture, acting as a negative feedback that buffers 
Earth’s climate and maintains its habitability 
(1-5). Steps by which silicate weathering main- 
tains Earth’s low and generally stable atmo- 
spheric partial pressure of CO. (Pco,) include 
(i) production of alkalinity through solubili- 
zation of base metal cations and atmospheric 


Fig. 1. Conceptual models for soils and water- 
sheds on silicate lithologies in the humid half of 
Earth’s land surface. (A to D) Reaction fronts 
[gray hachured layers in (A) and (B)] indicate where 
most COz is solubilized during silicate weathering. 
For a bedrock mineral such as CaSiO3, for example, 
weathering (2CO. + H20 + CaSi03 — Ca** + 
2HCO3 + SiOz(aqy) releases dissolved inorganic 
carbon that is transported, precipitated, and partially 
sequestered as buried carbonate minerals at the 
seafloor (Ca** + 2HCOz. > COzt + H20 + CaC0x.)) 
offshore from the landscapes in (C) and (D). In 

(A), kinetic limitation (KL) of silicate weathering is 
indicated by soil profiles or small head catchments 
where the silicate and its reaction front are 

exposed everywhere at the land surface, allowing 
dissolution to proceed far from equilibrium. In 

(B), weathering of soil profiles and watersheds 
characterized by buried reaction fronts for bedrock 
minerals instead can be dominated by flow paths 
where concentrations of weathering products 
increase until they cause dissolution to stop. 
Weathering fluxes from such watersheds can corre- 


and erosive transport-limited landscapes. 
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CO, during silicate weathering, (ii) riverine 
transport of dissolved inorganic carbon (DIC) 
to the oceans, and (iii) precipitation and burial 
of DIC as carbonate minerals at the seafloor. 
Weathering of marine basalt at increased tem- 
peratures also sequesters CO, into minerals 
at the seafloor (6). In contrast to silicates, CO. 
drawn from the atmosphere during weathering 
of carbonate minerals is ultimately rereleased 
to the atmosphere. Despite the importance of 
the silicate weathering feedback, the mecha- 
nism of its operation is not well understood. 
Proposed controls vary from chemical equilib- 
rium to kinetics to hydrology, and the sensi- 


A Kinetic Limited Regime 
Granite: Ea = 77.4+6 kJ molt 
Basalt: Ea = 89.6 +7 kJ mol 


Erosive Transport Limited Regime 


Ea =0kJ mol: 
4 


100% Weathered 


Bedrock 


tivity may be as low as 2% K"! or perhaps as 
high as 20% K"’ [e.g., (5, 6-13)]. We explore 
the temperature sensitivity of weathering to 
understand how this feedback functions. 

Although laboratory measurements might 
appear to be the gold standard to determine 
how silicate weathering varies exponentially 
with temperature, rates are too slow to assess 
accurately. Furthermore, dissolution is only 
one of many temperature-dependent steps 
that occur during weathering. Additional 
processes—such as solute transport, clay pre- 
cipitation, biotic activity, disaggregation, frac- 
turing, and erosion—enter systems at larger 
scales. These processes in turn can be influ- 
enced by climate factors such as temperature, 
runoff, and precipitation and by weatherability 
factors such as lithology, porosity, permeabil- 
ity, type of vegetation, and landscape position 
or distribution of land mass [e.g., (1, 14, 15, 16)]. 
Whether kinetics or equilibrium controls the 
temperature sensitivity remains an open ques- 
tion (9). 

We hypothesized that combined observa- 
tions from laboratories, soils, watersheds, and 
the globe could elucidate puzzles about weath- 
ering versus temperature. For example, research- 
ers disagree about how chemical weathering 
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State University, University Park, PA, USA. Department of 
Geosciences, Pennsylvania State University, University Park, 
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ate with erosion rate, that is, they are erosive transport-limited (ETL). As shown in (C), in watersheds of increasing size (schematically shown as white teardrop 
shapes), the decreasing kinetic-limited landscape fraction and increasing dominance of long flow paths drive weathering fluxes to vary with erosion rate (erosive 
transport-limited). Only small watersheds tend to be kinetic-limited as in (A), but both small (B) and large watersheds [(C) and (D)] can be erosive transport-limited 
because feedbacks couple weathering fluxes to erosion rates. Thus, as watersheds become larger, they show transition regime (TR) behavior between kinetic- 
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is affected by erosion, temperature, and runoff 
[e.g., (14, 17)], and the temperature dependences 
for soils and small and large watersheds do 
not match (4, 14, 17-20). Additional puzzles 
include how stream chemistry [e.g., (21)] and 
mountain-building events at different time 
scales are linked with climate, including how 
to explain the “Cenozoic isotope-weathering 
paradox” [e.g., (6, 16, 22)]. To reconcile obser- 
vations, we present conceptual models at differ- 
ent spatial and temporal scales and emphasize 
feedbacks related to how the geological sub- 
surface is structured by weathering reactions 
and fracturing to guide and respond to ground- 
water flow (23-25). 

Using standard kinetic treatments, we use 
the Arrhenius equation (eq. S1) to express 
temperature sensitivity. This allows calcula- 
tion of the Arrhenius activation energy, Ea, 
from the natural log of the relative increase in 
rate as temperature changes from a reference 
temperature, 7>, to a higher value, T (eq. S2). 
By using Ea, we rely on standard treatments 
of chemical kinetics by attempting to isolate 
chemical dissolution from other factors. In 
the “Global integration” section, we recast Ea 
as the percent change in weathering flux per 
degree temperature change globally. In con- 
trast to previous researchers, we neither require 
that weathering is kinetic-limited everywhere 
nor require that Ea is the same at every spa- 
tial scale [e.g., (0, 26, 27)]. Instead, we assume 
that weathering systems can be treated with 
temperature-independent Ea values at each 
spatial scale. Although Fa might also change 
with temperature [e.g., (28)], our simplified 
treatment allows parsimonious upscaling to 
a global model. We discovered that Ea varies 
as additional processes become coupled to 
dissolution at higher scale. We also empha- 
size that kinetics can only limit the weathering 
of landscapes where the exposure time of rocks 
to weathering is short compared with the reac- 
tion time scale [i.e., (J8)] and the net water 
balance is positive, that is, mean annual pre- 
cipitation (MAP) is greater than potential 
evapotranspiration (PET) [i.e., (29, 30)]. With 
this approach, the temperature sensitivity of 
weathering can be reconciled across scales, 
yielding an approach to understand weathering 
in the past or in a human-manipulated future. 


Analyzing Earth’s thermostat 


Some authors have explored controls on the 
long-term carbon balance by quantitatively 
upscaling based on exposed lithologies (37, 32). 
For example, global continental land area is 
~63% sediments and ~35% crystalline rock, 
where the latter are ~15% basaltic and ~85% 
granitic (37). A more high-resolution assess- 
ment yielded 56.24% of exorheic land area as 
sediments (excluding carbonates), 24.3% crys- 
talline rock (excluding volcanics), and 7.00% 
volcanics (86% basaltic) (32). 
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Table 1. Thermodynamic values and activation energies for kinetic-limited systems. AG*, 


standard Gibbs Free Energy. 


System 


Granite 


AG? and Ea values (kJ mol”) 


Coupled dissolution, transport, clay precipitation, fracturing, 


and/or erosion 


Kinetic-limited watersheds (corrected for MAP and erosion 


as needed)$ 


Transition-regime watersheds (corrected for MAP 


but not erosion)* 


EB aweren = 36.1 ae 162 


E@zpparent = 07 to 110 


E@dissolution = 4341 


Coupled dissolution, transport, clay precipitation, fracturing, 


and/or erosion 


Transition-regime watersheds (not corrected for 


MAP or erosion)* 


Soils: Eadissolution < E@apparent < Eaditfusion ar Eadissolution + AG*/1.6 


Eaapparent = 43 to 98 


*Weighted average of synthesized laboratory estimates of Fagicsolution for oligoclase in laboratory from table S1A. TAs 


summarized in table S1A (14). 
described in the text. 


granitoids (4) and the average of basalt fluxes (61, 179). 


from crystalline and glassy basalt rock in table S2A (uncorrected for Al). 
as summarized in table S2B. Error is assumed to be +1% K 7. 


We instead analyze a few important min- 
erals that were chosen from those lithologies. 
Silicate minerals solubilize CO, from the atmo- 
sphere during weathering and release charged 
DIC species as the minerals release aqueous 
base metal cations (Na*, K*, Mg”*, Ca?*) with 
uncharged aqueous silica (SiO aaq)). Ca and Mg 
are reprecipitated as carbonates in the oceans, 
thereby sequestering CO, and balancing the 
CO, flux from volcanic degassing (1, 16) when 
considered at time scales greater than 10° to 
10° years. By contrast, K* delivered to the ocean 
may be removed through back reactions with 
silicates at the seafloor, rereleasing CO, to the 
atmosphere (33). K* is also immobilized in 
soils as clays or taken up into biota in soils. A 
large fraction of the dissolved riverine Na* is 


4From values in table S1B, as described in the text. 
The fractional rate of change with temperature, a, for a given Ea approximately equals Ea/RTo°, 
where R is the universal gas constant and T is 288 K, the average Earth surface temperature (2, 3). 
**From table S2A. 


§From values in table SIC, as 


#Calculated for 
ttWeighted average Si release rates 
+#See table S2B. §§From Icelandic rivers, 


exchanged with Ca** and Mg”* on suspended 
sediments during transport to the oceans (34), 
and these cations in turn sequester CO, as 
(Ca,Mg)-containing carbonates at the seafloor, 
in effect sequestering DIC associated with Na 
release as carbonate sediment. 

Using these observations, we review pre- 
vious determinations of Ea from plots of log 
(reaction rate) versus 7‘ (eqs. S1 and S2) for 
weathering of the common Ca-, Mg-, and Na- 
containing silicates that dominate basalts 
and granites. These include the Ca- and Mg- 
containing olivine and diopside minerals in 
basalts and Na- and Ca-containing plagioclase 
feldspar that is found in both basalts and 
granites. Plagioclase is particularly important 
not only because it is the most abundant 
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Fig. 2. Weathering rates plotted versus controlling variables. (A) Total Na numbers where indicated). The solid horizontal and vertical lines represent 


weathering rate, Qnatota, for the granitic soils that are not runoff-limited 

(table S3). (B) Total silicate cation weathering rates, Qcations,total, for erosive 
transport- and kinetic-limited watersheds from an earlier publication (4). In 

(A) and (B), symbols plotting on and off the line are interpreted as limited by 
erosive transport or kinetics, respectively, and error bars indicate estimates from 
the original publication (4). (©) Summary plot of all 45 soils in table S3 color 
coded for Qnatotar and categorized by HI and CDFyacrn (see table S3 for index 


crustal mineral but also because it is the source 
of almost all Na released naturally to rivers, 
making the assessment of rates of plagioclase 
weathering from riverine chemistry more ro- 
bust than that for other abundant rock-forming 
silicates. This assessment is further simplified 
because Na usually does not accumulate in 
biota or clays (an observation revisited in our 
treatment). Plagioclase feldspar is also one of 
the more abundant of the reactive, noncar- 
bonate, base metal cation-releasing silicates 
in the sediments that cover about two-thirds 
of the continents (32). 


Laboratory measurements 


Comparisons of laboratory kinetics (tables S1A 
and S2A) reveal that activation energies of 
dissolution, E@gissoution, are highest for the Mg- 
releasing minerals (58 to 96 kJ mol’). For 
feldspars, values of Edgissotution are lower and 
decrease with increasing Ca content from gran- 
itic to basaltic compositions. For example, 
oligoclase (E@gissolution = 67 + 2 kJ mol’) and 
labradorite (Edqissotion = 42-8 + 1 kJ mol”) 
are the most common feldspars in granite and 
basalt, respectively (Table 1). 
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The compilations also allow comparison of 
Eaissolution from isolated-mineral experiments 
to that of the same mineral dissolved in re- 
actors packed with other phases. For example, 
the Edgissolution Stimates for Mg-rich olivine 
(65.6 to 85.7 kJ mol’) from single-mineral ex- 
periments bracket E@apparent for olivine dis- 
solved in a soil column (72.5 kJ mol’) (table 
S2A). We call the latter an Ed@apparent because 
additional steps can enter or couple with dis- 
solution at higher scales. This can change the 
rate-limiting step or add an additional tem- 
perature dependence (35). 

Similarly, the value of E@gissoiution for a gran- 
itic feldspar (oligoclase, 67 + 2 kJ mol’) is 
within error of the Edapparent that describes Na 
release from granitic whole-rock experiments, 
57 + 15kJ mol | (Table 1 and table SIA), which 
is expected given that the dominant base metal 
cation released from dissolving granite is Na. 
Similarly, although solute release from crys- 
talline basalt is dominated by Mg from olivine 
at lower pH and Ca from feldspar at higher 
PH (36), we show that the E@apparent for basalt 
dissolution is similar to that of feldspar disso- 
lution (table S2A). Specifically, the Ed@apparent 


estimated values of HI and CDF that separate the labeled weathering regimes 
as discussed in the text. (D and E) Arrhenius plots for the kinetic-limited soils 
(table S3) (D) and watersheds (E) (4). X is a weathering rate function corrected 
for MAP and denudation rate by using parameters from the original authors 
who calculated Eaapparent = 74 kJ mol. Table S3 includes sites with slopes 
<7.5° from an earlier publication (18) after reanalysis (29) as well as additional 
sites from published reports. 


for Si release over a range of pH from glassy or 
crystalline basalt, 46 + 2. kJ mol”, is within error 
of the Ea@gissolution of labradorite (43 + 1kJ mol’) 
(Table 1 and table S2A). Given these obser- 
vations, we emphasize plagioclase feldspar 
weathering and Na release in the next sections, 
which treat higher spatial scales. 


Soil analysis 
Granitic systems 


To estimate Ed@apparent in natural systems, Na 
release rates, Qn,, are assessed for sets of soils 
known as climosequences that span gradients 
in mean annual temperature (MAT) [e.g., (78)]. 
For example, a master set of 45 soils from sites 
such as terraces and ridgetops is summarized 
in table S3. These soils were chosen because (i) 
they generally formed on relatively homoge- 
neous parent materials with minimal distur- 
bance by humans or glaciers, and (ii) their 
chemical and physical denudation rates have 
been estimated. Ridgetops and terraces are 
considered the most straightforward to model 
because they are functionally one-dimensional 
(1D) in that water and sediments are not trans- 
ported into them from upslope. 
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Key to the analysis is that dissolution of 
feldspar in a 1D soil is localized into a reaction 
front (e.g., Fig. 1) or depth interval where all 
reaction occurs [e.g., (37)]. Below the front, 
pore fluids generally flow more slowly and are 
sufficiently concentrated so that they react 
only minimally with feldspar. At any depth 
in such a 1D profile, the fraction of mineral 
depleted by weathering can be estimated com- 
pared with the parent rock concentration. This 
depth-dependent fraction, termed the chemical 
depletion fraction (CDF; estimated from 
eq. S4), varies from zero in the parent mate- 
rial to values <100% above or at the top of 
the front. The error in CDF is larger in soils 
when CDF is small and in regions of sub- 
stantial dust additions or parent composition 
variability. 

Profiles with 0 < CDF < 100% for a dissolv- 
ing mineral at the land surface (i.e., Fig. 1A) are 
“incompletely developed” because they retain 
the mineral throughout the weathering col- 
umn. When such profiles are identified for 
plagioclase feldspar, exposure times (for non- 
eroding soils) or residence times (for eroding 
soils) are inferred to be short compared with 
the time scale of plagioclase dissolution (37). 
Instead of concentrations of plagioclase, how- 
ever, Na is measured as a proxy because most 
Nain granitic material is typically in feldspar. 
We also assume for eroding 1D soils that the 
erosion rate and weathering advance rate are 
roughly balanced (expressed in units of length 
per time), which explains why soils endure 
and can remain roughly constant in thickness 
over the soil residence time. With those as- 
sumptions, mass balance arguments show that 
CDF values calculated at the land surface for 
Na, CDF ya surf, equal the fraction of the total 
denudation rate (D, in tonnes km~ year‘) of 
Na caused by chemical weathering (78). For 
example, CDFyasurr = 100% implies 100% 
chemical removal of plagioclase and negligible 
loss to erosion (Fig. 1A). The implication from 
models is that incomplete (0 < CDFyasurr < 
100%) or complete development of a 1D profile 
(CDFyasut = 100%) reflects kinetic or 
erosive-transport limitation of plagioclase 
weathering, respectively (37). 

For most soils in table S3, weathering release 
rates of Na were calculated from CDF ya surt 
by following approaches based on cosmogenic 
radionuclide (CRN) concentrations (J8). This 
approach yields Na release rates, Qnacrn; calcu- 
lated as the product of the denudation rate, 
Dern; multiplied by CDFyacrn and [Na frock (28). 
The subscript CRN is used because CDFyacrn 
and Dern are the CDF ya surg and denudation 
rate, respectively, averaged over the surficial 
layer of soil where penetration of cosmic rays 
result in accumulation of CRN. [Na]rock is the 
Na concentration of bedrock. Later treatments 
(29) corrected these rates to include weathering 
in saprolite below the layer of CRN accumula- 
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Fig. 3. Global assessment of Ea across spatial scales. (A to C) Variation in Ea for kinetic-limited weathering 
from laboratory to rind formation to soils to watersheds. Weathering mechanisms include additional steps as 
the spatial dimension increases from ~100-im mineral grains to ~10-cm clasts to ~1-m soils to ~10*- to 10°-m 
drainage basins. The calculated Ea of bond breaking of an edge site for tetrahedral silicate anions is shown as 
74 kJ mol. The calculated Ea for silicate weathering for the global Earth was not upscaled based on fractional 
land areas of weathering regimes (B) but instead on fractional contributions of fluxes (C). First, a temperature 
response was estimated based on the relative proportions of global CO2 consumption fluxes from the two main 
lithologies, granite (74%) and basalt (26%) (11.7% K~). This was then used to upscale Ea to the globe based on 
the proportions from each weathering regime (C) where the contribution from runoff-limited watersheds was 
assumed to be negligible. Symbols in (A) show averages with lo from Table 1, where the laboratory symbols 
represent oligoclase or rock (granite) and labradorite (basalt); the two rind symbols represent basaltic and 
andesitic-basaltic compositions. See text for further explanations. 


tion (38). We refer to these corrected weather- 
ing and denudation rates for Na as Qnatotal 
and Dya,tota, respectively (see table S3). 

To calculate Edapparent for weathering, we 
focused on 1D granitic soils that are incom- 
pletely developed with respect to Na because 
such soils are often kinetic-limited, and that 
weathering regime is the only one that we 
expect to show strong temperature sensitivity 
(18). Completely developed soils (90% < 
CDF ya,crn < 100%) were not considered on 
the assumption that they are limited by 
erosion rate rather than kinetics and there- 
fore are not strongly dependent on MAP or 
MAT (fig. S3): Such fluxes for soils listed in 
table S3B plot on the line in Fig. 2A. The 
threshold CDF for completely developed 
profiles was dropped from 100 to 90% because 
CDFyacrn generally is only known to about 
+10% (35). This threshold also allowed iden- 
tification of one soil as erosive transport- 
limited rather than kinetic-limited, which is 
consistent with its extreme weathering depth 
(table S3B). 

We also did not consider soils with incom- 
pletely developed reaction fronts for feldspar 
in calculations of E@apparent When they devel- 
oped under a negative local water budget. For 
such soils, weathering appears limited by lack 
of water flushing instead of by weathering 
kinetics (29). Na reaction fronts in some of 
these soils extend to great depths, but Na is 


nonetheless retained at the land surface. This 
occurs in some cases because of the pre- 
cipitation of Na-containing smectitic clays 
(39). We refer to this dry regime as limitation 
by runoff, where runoff is equated to MAP 
minus PET. 

To identify runoff limitation, we could not 
rely on clay compositions or depth of total 
weathering because these were not always 
reported for the soils listed in table S3. We 
followed an earlier approach (29) and calcu- 
lated the approximate threshold for runoff 
limitation as the point where the humidity 
index (HI), defined as MAP divided by PET, 
falls below unity. But errors in MAP and PET 
make this threshold very approximate: For 
example, a value of unity did not allow inclu- 
sion of a soil with a deep, incompletely devel- 
oped Na profile (table S3A) where smectite, a 
geologically long-term indicator of reten- 
tion of base metal cations (35), had been 
reported. That site, characterized by HI = 
1.1, has a relatively high MAP with a very 
long dry season. To include that soil in the 
regime of runoff limitation, we set the thresh- 
old HI at 1.1. 

Clearly, such ad hoc definitions for runoff 
limitation are potentially problematic, but the 
small number of soils with Qya total estimates 
based on the CRN approach (table S3) pre- 
cludes rigorous testing. In addition, runoff 
limitation has not been investigated as a 
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regime of weathering by most authors, despite 
the acknowledged importance of runoff [e.g., 
(4, 20, 29)]. We therefore further tested the 
idea of runoff limitation as a function of HI 
by investigating watershed data. We focused 
on a commonly measured weathering-derived 
solute (SiO.) and assessed silica release rates, 
Qsio2, versus runoff (defined here as stream 
discharge normalized by basin area). To sim- 
plify our analysis to only hypothetically kinetic- 
and runoff-limited watersheds, we targeted 
watersheds on highly erodible shale, assum- 
ing that few shales would weather in the ero- 
sive transport-limited regime (35). Validating 
expectations for runoff and kinetic limita- 
tion, respectively, shale-derived OQgioz data are 
strongly runoff-dependent at low HI and high- 
ly temperature-dependent at high HI (fig. $2, 
D and F). Given that Qgiog is determined from 
concentration (C) times discharge (g) normal- 
ized by basin area (35), a linear dependence 
of Osiog on runoff (fig. S2E) implies that C 
is independent of g (fig. S2H). Figure S2H 
highlights the possibility that such discharge- 
independent or “chemostatic” (27) concen- 
trations in low-HI watersheds could reflect 
smectite-kaolinite equilibration. This reaction 
could also explain why low-HI SiO, fluxes do 
not generally increase with temperature (fig. 
S2F). Specifically, the stoichiometry and neg- 
ative enthalpy of this reaction require that 
concentrations of SiO, decrease as the equi- 
librium shifts toward smectite with increasing 
temperature. 

To determine the temperature sensitivity of 
weathering for the 45-soil dataset, we therefore 
eliminated both runoff- and erosive-transport 
limited sites by using HI and CDF criteria, 
respectively, and focused on the 12 remain- 
ing kinetic-limited soils (table S3C). We also 
considered temperature correlations for MAP 
and Dya.totai for the 12 soils. Such correlations 
occur because precipitation increases with 
temperature over broad spatial scales [e.g., 
(40)] and because chemical weathering is 
coupled to physical erosion (18). We used a 
power-law treatment to explore if Qya total 
should be corrected for such correlations. That 
treatment (eq. S3c) had previously been used 
to correct values of Quacrn for MAP and Dorn 
(18), yielding an Edapparent equal to 17 kJ mol”, 
which is much lower than the Eagissoiution for 
plagioclase (Table 1). However, with that “cor- 
rection,” much of the temperature dependence 
in Qyacrn Was effectively attributed to denu- 
dation because, counter to expectations for 
kinetic limitation, CDFya crn shows little var- 
iation with denudation. We similarly observed 
such a lack of variation in CDFya,crn with 
Dya,totai (fig. S4A), but we embraced the alter- 
nate interpretation posed by the researchers 
(18), namely, that Qua crn correlates with 
denudation because erodibility increases as 
chemical weathering weakens and disaggre- 
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gates rock [e.g., (41, 42)]. We also argue (35) 
that error in CDF obscures variations with 
denudation in some but not all fast-eroding 
systems (18, 43). 

Instead of following the earlier approach 
(18), we therefore attributed the temperature 
dependence of denudation to the Ea@apparent Of 
weathering and its effect on rock disintegra- 
tion into blocks or particles. Without using the 
power-law correction, E@apparent for the 12 soils 
in table S3C equals 75 + 10 kJ mol | (Fig. 2D). 
Corroborating this value are three other esti- 
mates between 75 + 14 and 112 + 34kJ mol! 
from two additional kinetic-limited climose- 
quences on loess and shale (table S1B), where 
measurements of concentrations to depths of 
meters removes some but not all ambiguities 
in CDF, (35). Corrections for MAP and Dya total 
are considered irrelevant on the loess and shale 
because MAP and Dya total Vary negligibly or 
are temperature-independent. The weighted 
average of all the estimates, 79.8 + 8 kJ mol! 
(Table 1), is considered our best estimate of 
granitic soil-based E@apparent- 


Basaltic systems 


No soil-based estimates of Ea describe the 
weathering of basaltic soils based on CRNs. 
Instead, 13 reports of weathering rind forma- 
tion on basalts or the less Mg-rich andesites 
were found with HI > 1.1 along with a few 
measurements of pitting on naturally exposed 
basaltic feldspars (tables S2B, S4, and S5). For 
these, rind formation initiates as plagioclase 
alters to clay. For HI > 1.1, the best estimate 
Of Edapparent for rind formation equals 54 + 
12 kJ mol” for basalts and 64 + 12 kJ mol? 
for basalts and andesites (35). These values 
overlap with the range of E@apparent that was 
estimated for one study of porosity develop- 
ment on naturally exposed basaltic plagioclase, 
56 + 16 to 97 + 10 kJ mol * (table S2B). 


Watershed analysis 
Granitic systems 


In this section, we analyze watershed studies 
that report Edapparent- The published studies 
for granitic watersheds (table S1C) focus on Na, 
Si, or base metal-cation release rates corrected 
for nonsilicate-derived cations. As expected 
for studies that mostly emphasize permanent 
streams, almost all E@apparent eStimates are for 
systems at relatively high HI. This partly ex- 
plains why runoff limitation has not been de- 
fined previously for watersheds [however, see 
(4, 20, 21)]. Separation of runoff-limited water- 
sheds is nonetheless important because only 
the analysis of high-HI watersheds yields an 
Eapparent Value that is significant (fig. S2F). 
To calculate a best estimate of Edapparent for 
watersheds to compare with that of other spa- 
tial scales, we focused on Na or carbonate- 
corrected silicate cation release rates (Qna total 
OF Qeations,total, respectively). Treating these 


fluxes together relies on the assumption that 
their Ed@apparent Values are comparable because 
feldspars dominate granitic cation release. We 
did not include Qsio2 because Si-based Edapparent 
is consistently lower for watersheds where re- 
lease rates of cations and Si are both reported 
(table S1C). As for soils, we also considered 
potential temperature correlations for MAP 
and D. In some cases, these correlations were 
not observed. For example, in one compiled 
dataset from >40 head catchments, values of 
Qna,totar Were corrected for MAP but not de- 
nudation because Qn tota1 Showed no varia- 
tion with a proxy for erosion (relief) (44). Three 
other studies targeted only a few neighboring 
watersheds, negating the need for regional 
corrections of MAP or denudation. The fifth 
study (see Fig. 2, B and E) corrected Qeations.total 
for 13 alpine or montane watersheds for both 
MAP and Dyotai by fitting Qeations,totar to a Ver- 
sion of power-law eq. S3c, yielding Edapparent = 
74 + 29 kJ mol * (4). The weighted average of 
these watershed E@apparent Values for granites 
equals 77.4 + 6 kJ molt. 

Before accepting this estimate, however, 
we address an apparent contradiction. Specif- 
ically, we used watershed values of Q that were 
corrected for MAP and D (4) by fitting to the 
same power-law equation (78) that we rejected 
for soils. The fit [see also (45)] showed that the 
chemical weathering correlation with total 
denudation is weaker for watersheds (power- 
law exponent a < 1) than soils (a = 1) (4). But in 
addition, the fits differ in that the correction 
for D for soils lowers the E@apparent (compared 
with its uncorrected value), whereas the cor- 
rection for watersheds increases EQapparent: 
We explore this difference next using Fig. 1. 

In Fig. 1A, we propose that kinetic-limited 
watersheds are like kinetic-limited soils in 
that they retain feldspar at the surface. How- 
ever, in watersheds, the soils are not the only 
factor that dictates stream chemistry. Concep- 
tually, release rates of silicate-derived cations 
such as Na are kinetic-limited only in water- 
sheds that are small enough that ground waters 
flowing from soil to stream cumulatively in- 
teract with little feldspar. Short flow paths 
and residence times preclude the attainment 
of chemical equilibrium [see, for example, 
(46)]. The result is that long-term average 
stream concentrations in kinetic-limited water- 
sheds vary with discharge because each flow 
path is limited by temperature-dependent 
kinetics (E@apparent ¥ 80 kJ mol *) and not by 
equilibrium. 

The other type of head catchment is char- 
acterized by feldspar-absent topsoils (Fig. 1B) 
and stream concentrations that are more likely 
to be roughly constant (chemostatic) as a func- 
tion of variable discharge when observed over 
years to decades. Because water chemistry is 
unlikely to equilibrate with feldspar at ambient 
conditions even for long flow paths (47), this 
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chemostasis could reflect a limiting reagent in 
the dissolving waters, steady-state concentra- 
tions that are dictated by the dissolution of 
primary minerals balanced by precipitation of 
secondary minerals, or equilibration among 
secondary minerals [e.g., (5, 27, 48, 49)]. But 
for small granitic watersheds similar to that 
shown in Fig. 1B, it has been observed that their 
weathering fluxes vary strongly with erosion 
rate rather than temperature [e.g., (15)]. For 
this reason, we label them erosive transport- 
limited and assume E@apparent ¥ 0 KJ mol”. 

As watersheds become larger (Fig. 1C), they 
are increasingly dominated by lowlands [e.g., 
(20)] and by chemostatic behavior because 
groundwater flow paths become deeper, long- 
er, and more likely to interact with feldspar 
for extended residence times [e.g., (46)]. But 
large watersheds are similar to the watersheds 
in Fig. 1B in that their weathering fluxes are 
observed to depend strongly on erosion rate and 
not temperature [e.g., (20)]. The fluxes of these 
large watersheds are thus considered erosive 
transport-limited: The average product of flow- 
weighted C and q depends on erosion rate (20). 

Returning to the power-law corrections 
for Q, we argue that fitting watersheds using 
eq. S3c adjusts for the fraction of soil land- 
scapes and flow paths that are kinetic-limited 
(EQapparent * 80 kJ mol‘) versus erosive 
transport-limited (~0 kJ mol’). Although the 
large watersheds may contain kinetic-limited 
headwater catchments, these do not dominate 
mainstem chemistry downstream. The power- 
law correction to calculate temperature sensi- 
tivity of weathering thus yields a higher, rather 
than lower, E@apparent- Two corollaries to this 
argument can be tested. First, if this argument 
is defensible, then the maximum weathering 
fluxes for aggregated datasets for soils and 
watersheds should be similar. This has been 
documented (4, 50) (see also Fig. 2). The second 
corollary is that virtually all kinetic-limited 
watersheds should be small, whereas erosive 
transport-limited watersheds should be both 
large and small. This has also been observed 
(4, 50). 

But, why should averaged fluxes (= C-q) 
from erosive transport-limited watersheds 
tend toward values dictated by erosion rate? 
The most likely answer is feedbacks that couple 
water chemistry, subsurface flow paths, frac- 
turing, and erosion at the watershed scale. 
For example, permeability changes driven by 
weathering and fracturing [e.g., (23, 57)] could 
comprise feedbacks that couple weathering 
flux to erosion. Some aspects of such feed- 
backs have been explored for pyrite weather- 
ing (24, 25). Processes related to vegetation 
are also potential feedbacks [e.g., (52)]. 


Basaltic systems 


The reported values of E@apparent for basaltic 
watersheds ranged as high as 89.6 kJ mol 


SCIENCE science.org 


(table S2B). That value derives from an E@apparent 
for Icelandic volcanic watersheds after correc- 
tion for runoff and glacial melting (53). Con- 
versely, the Icelandic fluxes were not corrected 
for issues related to carbonates formed from 
volcanic CO, (54). Those types of complica- 
tions, including deep subsurface weathering 
and volcanic degassing [e.g., (55)], led one 
set of researchers to estimate global CO, con- 
sumption for basalts by focusing only on 22 
inactive volcanic systems (table S2B). Their 
calculated Edapparent Which was much lower 
than the Icelandic value, was similar in mag- 
nitude to an earlier estimate based on 10 sys- 
tems (table S2B). No evidence requiring a 
correction for runoff, MAP, or denudation rate 
was reported in either study. Weighting and 
averaging the two lower values yields 42.5 + 
1.3 kJ mol’ (table S2B). 

To reconcile these high and low values, we 
propose, by analogy to granitic watersheds, 
that the higher Edapparent, 89-6 + 7 kJ mol”, 
for the Icelandic systems (19, 53) is the best 
estimate for kinetic-limited basaltic landscapes 
and the lower value, 42.5 + 1.3 kJ mol“, reflects 
contributions from both kinetic- and erosive 
transport-limited soils within transition- 
regime watersheds (Fig. 1). As summarized in 
table S2B, the higher Edapparent corroborates 
previous treatments of cross-scale weathering 
that yielded 70 + 20 kJ mol 7 (26) and seafloor 
basalt weathering based on inverse modeling 
that yielded 75 + 22 to 92 + 7kJ mol” (6, 12). 
Likewise, values Of E@apparent that range as high 
as 109 kJ mol have been reported from the 
pitting of naturally exposed plagioclase grains 
(table S2B). 


Cross-scale comparison 


Many additional lines of evidence confirm 
aspects of these interpretations. For example, 
molecular calculations of Ea of hydrolysis of 
Si tetrahedral networks at edges or corners 
on Na feldspar surfaces, 74 to 120 kJ mol? 
(56), are slightly higher than the laboratory 
Egissotution Values (43 to 67 kJ mol), probably 
because of proton sorption (57). If we invoke 
arguments related to differences in Al content 
(56), molecular calculations are also consis- 
tent with the laboratory-based conclusion that 
Egissolution Values for the dominant granitic 
feldspars are higher (67 kJ mol’) than those 
for basaltic feldspars (43 kJ mol’). 

The laboratory values of Edgissoiution for 
the Na- and Ca-feldspars are within error of 
the values for granite and basalt whole-rock 
dissolution, respectively, but the Edapparent 
values increase by at least 10 kJ mol ‘or as 
much as 50 kJ mol * for soils formed on gran- 
ite and for watersheds formed on basalts, re- 
spectively (Table 1 and Fig. 3). Biota might 
cause this lab-field difference because we 
know very little about the biotic effects on Ea 
(tables S1 and S2). However, where biotic ef- 


fects have been measured, they sometimes de- 
crease rather than increase the Edapparent 
(tables S1A and S2, A and B), and neither biota 
nor types of land cover are reported in recent 
studies as major factors that control weather- 
ing rates in watersheds (7, 58). The biotic ef- 
fect may be small and largely caused by pH 
because organic acids are low in concentration 
in soils (59). We averaged Ea values across pH 
ranges where measurements were made. 

Instead, we argue that this ~10 kJ mol”? 
(granite) or 50 kJ mol‘ (basalt) laboratory- 
field discrepancy arises because feldspar weath- 
ering in the laboratory is studied far from 
equilibrium and depends strictly on dissolu- 
tion, whereas the mechanism in natural sys- 
tems includes contributions from processes 
that enter at higher spatial scales and that 
cannot be entirely separated, including trans- 
port, precipitation of clays, rock disaggregation, 
and fracturing (25). For example, theoretical 
predictions for dissolution-precipitation cou- 
pling (eqs. S11, S17, and S18) may explain the 
value for both granites and basalts (Table 1). 
Likewise, researchers have argued that the 
high E@apparent for Icelandic basalts reflects dis- 
solution and secondary mineral precipitation 
(53). The inextricable coupling of erosion and 
chemical weathering [e.g., (15, 18, 20)] also 
points to temperature-sensitive processes such 
as disaggregation or subsurface flow parti- 
tioning that contribute to soil- or watershed- 
based E@apparent Values. 


Global integration 


Assuming that these approaches to treating 
chemical weathering, physical denudation, 
and hydrology are defensible, we now upscale 
to the global system by calculating the frac- 
tional change in silicate weathering flux with 
each degree increase in temperature, Ow, for 
the kinetic-limited regime using the approxi- 
mation that ogy = me (2, 3), where R is the 
universal gas constant. After setting Tp to the 
global mean temperature of 288 K, the values of 
sy equal 11.2 and 13% K”™ for kinetic-limited 
granitic and basaltic catchments (Table 1), 
respectively. 

To upscale requires assessing Oy for global 
distributions of lithology and weathering re- 
gime. Instead of upscaling for lithology by area, 
however, we instead upscaled using propor- 
tions of CO. consumption flux as a function of 
lithology. This strategy reflects that the frac- 
tional areas for each lithology do not translate 
directly to the proportion of flux because of 
uneven geographic distributions of lithology 
and MAP [e.g., (32, 60)]. To upscale, we note 
that the CO, consumption flux from basaltic 
weathering is estimated based on rivers as 16.5 
to 35% (average = 26%) of the total global sili- 
cate CO, consumption flux (20, 32, 67). Based on 
this, we calculated the lithologic flux-weighted 
Osy, Of 11.7% K™ from the sum of the granitic 
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[(100% — 26%) x (11.2% K™)] and basaltic terms 
[26% x (138% K™)]. 

A second aspect of the upscaling is assess- 
ing the proportions of fluxes for soils in the 
three weathering regimes. A recent analysis 
(30) suggests that the fraction of global land- 
scape with an HI less than the threshold we 
defined for runoff limitation is 0.496 (35). This 
means that half the land surface is wet and 
half dry or that halfis fast-weathering and half 
is slow-weathering [see, for example, figure 6 
of (32)]. To subdivide the fast-weathering wet 
half into kinetic- and erosive transport-limited 
fractions, we note that only about 9 to 14% 
(average ~ 12%) of the exorheic land surface 
contributes 38 to 50% (average = 44 + 6%) of the 
total global chemical denudation (32, 45, 62). 
This global CO. consumption flux from ~12% 
of the continental area is considered here 
to represent kinetic limitation because such 
watersheds tend to weather at the fastest rates 
(e.g., Fig. 2C) (50). However, only 63% of the 
global flux is from silicates, whereas the rest is 
from carbonates (32). Therefore, although the 
global fractions of land areas that are kinetic-, 
runoff-, and erosive transport-limited are about 
12, 50, and 38%, respectively, the global frac- 
tions of flux from silicates in each regime are 
about 28(+4)% [= 0.63 - (0.44 + 0.06)], 0%, and 
72% respectively (Fig. 3, B and C). A simple 
estimate for mm for global CO, consumption 
flux from silicate weathering based on the 
global lithology-weighted average Oy of 11.7% 
therefore equals ~3.2% K™ [= 28(+4)% - 0.117]. 
Allowing the fraction of kinetic-limited flux to 
vary from 38 to 50% yields an E@apparent Value 
of 22 + 3 kJ mol’. We have assumed that (i) 
weathering of erosive transport-limited land- 
scape depends only on erosion rate, (ii) the 
weathering flux from runoff-limited landscape 
is a negligible fraction of the global CO, con- 
sumption flux, and (iii) weathering of kinetic- 
limited landscape depends only on temperature. 
This latter assumption emphasizes that varia- 
tions of chemical weathering (Q) with MAP or 
runoff can be poorly handled by simple regres- 
sion equations (e.g., eq. S3), given the threshold 
behavior we identified for chemical weather- 
ing versus HI. In that regard, our estimate is 
probably a lower limit. For example, if we as- 
sume that the flux from the kinetic-limited 
landscape responds to temperature by 11.7% K 
but also to runoff increases driven by regional 
rises in temperature at 2.7% K7' (40), then the 
EQapparent increases to 28 kJ mol’. 

Our model emphasizes that high proportions 
of the globe are soil-shielded or very dry, where 
weathering is temperature-insensitive or neg- 
ligible, respectively. Even though weathering 
of drylands could increase with increases in 
MAP from warming, their minimal weathering 
fluxes preclude large contributions to global 
weathering. Our estimate of 22 + 3 kJ mol ‘is 
within the range of values inferred from inverse 
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arguments based on recent global paleoclimate 
models (table SIC) [e.g., (12, 63)]. Those low 
sensitivities were required within the paleo- 
reconstruction models to reproduce reason- 
able atmospheric Pco, levels. Our model is 
also consistent with previous assertions about 
mountain-building episodes, where uplift can 
simultaneously focus precipitation on and 
exhume previously runoff-limited or shielded 
landscape [e.g., (64)]. After the India-Asia 
collision during the Tertiary, for example, the 
Himalayan uplift not only exposed new min- 
eral surface and source rocks [e.g., (65)] to 
weathering but also redistributed precipita- 
tion locally. With such “teleconnections,” CO, 
consumption fluxes could have remained near- 
constant globally, maintaining a balanced 
carbon budget (/6). But if newly uplifted land- 
scape was no longer dry or soil-shielded and 
instead became kinetic-limited, then the net 
global sensitivity of weathering to temperature 
could have increased, leading to a more stable 
climate system [see also (5)]. 

However, our treatment mostly explains 
some contradictions in the literature while 
emphasizing the importance of scale and run- 
off limitation. These factors of scale and runoff 
highlight a need for paleogeographic recon- 
structions in assessing long-term temperature 
sensitivity [e.g., (60)]. We also need to consider 
such factors if we try to enhance weathering 
for atmospheric CO, drawdown. Mining, grind- 
ing, and amending global soils with basalt (66) 
might accelerate weathering into the future but 
will be most successful if water flow is high 
enough and pathways short enough to remain 
in the regime of kinetic limitation. More at- 
tention should also focus on understanding 
factors such as pore-water chemistries, clays, 
particle sizes, fractures, biotic effects, and sub- 
surface flow paths that couple physical and 
chemical weathering during natural or en- 
hanced weathering. 
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NANOPHOTONICS 


Collective super- and subradiant dynamics between 
distant optical quantum emitters 


Alexey Tiranov'*{, Vasiliki Angelopoulou’}, Cornelis Jacobus van Diepen’{, Bjorn Schrinski’, 
Oliver August Dall’Alba Sandberg’, Ying Wang, Leonardo Midolo’, Sven Scholz’, Andreas Dirk Wieck’, 
Arne Ludwig”, Anders Sondberg Sorensen’, Peter Lodahi’* 


Photon emission is the hallmark of light-matter interaction and the foundation of photonic quantum 
science, enabling advanced sources for quantum communication and computing. Although single-emitter 
radiation can be tailored by the photonic environment, the introduction of multiple emitters extends 
this picture. A fundamental challenge, however, is that the radiative dipole-dipole coupling rapidly decays 
with spatial separation, typically within a fraction of the optical wavelength. We realize distant dipole- 
dipole radiative coupling with pairs of solid-state optical quantum emitters embedded in a nanophotonic 
waveguide. We dynamically probe the collective response and identify both super- and subradiant 
emission as well as means to control the dynamics by proper excitation techniques. Our work constitutes 
a foundational step toward multiemitter applications for scalable quantum-information processing. 


he radiative coupling of multiple optical 

emitters has been a long-standing chal- 

lenge in quantum optics and atomic 

physics (1-4). It offers a route to realizing 

quantum gates between emitters (5), 
thereby constituting a fundamental building 
block for quantum-information processing (6). 
Waveguide quantum electrodynamics (QED) 
(7) has evolved as a research discipline ideally 
suited for overcoming the inherently weak 
dipole-dipole coupling. This is because the 
radiative coupling is extended substantially 
beyond the subwavelength limit encountered 
in unstructured media (8). The dipole-dipole 
interaction can be understood as the absorp- 
tion and re-emission of virtual photons, and 
the waveguide extends the spatial range to be 
limited only by the weak leakage of the wave- 
guide mode because of structural imperfections 
(9). This leads to the formation of collective 
emitter states featuring super- or subradiant 
decay rates (1, 2, 10), as controlled by the opti- 
cal phase lag between the two emitters (Fig. 
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1A). Observation of collective emission requires 
a highly coherent light-matter interface. In 
particular, long-lived subradiant features may 
be elusive in the presence of experimental im- 
perfections, such as dephasing (11). 

Collective multiemitter effects have been 
studied in the optical (3, 4, 8, 12-15) and mi- 
crowave domains (J6-18). In microwave QED, 
multiqubit interactions have been realized 
(19, 20) and subradiant collective states co- 
herently controlled (27). Realizing such func- 
tionalities in the optical domain is essential: 
Optical photons can be highly integrated, 
rapidly processed on-chip, and transmitted 
over extended distances (6, 22), which makes 
photonics the backbone technology for the 
quantum internet (23). Previous accounts in 
the optical domain include projective prepa- 
ration of single-excitation superradiant states, 
as revealed in two-photon correlation mea- 
surements (24-27) that do not require emitter- 
emitter coupling. Spectroscopic evidence for 
coherent coupling has been reported with 
closely spaced dye molecules in a bulk me- 
dium (8, 28) and for vacancy centers in a 
cavity (15). Dynamics with modified collec- 
tive emission would constitute direct exper- 
imental proof of coherent coupling and open 
new avenues toward applications. Here, we 
report the observation of coherent dynamics 


of the collective excitation of quantum dot 
(QD) emitters coupled through a photonic 
crystal waveguide (PCW) (Fig. 1A) by observ- 
ing both enhanced (superradiant) and sup- 
pressed (subradiant) dynamics. In contrast to 
cooperative (29) and amplified (30) sponta- 
neous emission involving multiple excitations, 
we concentrate on a single excitation distrib- 
uted between a pair of QDs. In the former 
case, the resulting emission peak intensity 
scales as N’, whereas in the latter, the en- 
hancement is °N, where N is the number of 
emitters involved. In the experiment, the QDs 
are brought into mutual resonance by Zeeman 
tuning with a magnetic field. The coherent 
oscillations of the collective state are directly 
observed and found to be controllable by 
spectrally tuning the QDs and by varying the 
excitation conditions. 


Hamiltonian for waveguide-mediated 
interaction 


The coupled QDs are described by the effective 
Hamiltonian 7/¢¢ (frame rotating at the exci- 
tation field frequency and / = 1) (31, 32) 


where Jinn = 5 VBmBnl mI nSiNOnn and Pmn = 


VBmBni ml nC0Smp, are the dispersive and dis- 
sipative coupling rates, respectively, connecting 
QD,,, and QD,,. Tm = yn" + y;, contains the 
decay rate into (and out of) the waveguide 
y@* (y{,), corresponding to B factors B,, = 
yee /Pm. Am is the detuning of QD,, with 
respect to the excitation field frequency, such 
that Ann = Am — Ap is the detuning between 
the two QDs, mn = k|@mn| is the phase lag 
resulting from the emitter separation %,,,, and 
k: is the effective wave number of the PCW 
mode. $,,,, determines the character of the 
coupling between dispersive (I, = 0), which 
modifies the energy levels, and dissipative 
WUmn = 0), which affects the decay dynamics. 
The system bears a resemblance to the case of 
a nanocavity, where each QD acts as an end 
mirror by scattering single photons into the 
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Fig. 1. Observation of the super- and subradiant emission. (A) Illustration 
of the photon-mediated coupling between two QDs in a PCW where one QD 
is optically pumped. Subsequently, the emission dynamics of the coupled 
QD system exhibit super- and subradiance originating from either construc- 
tive (bright line) or destructive (dark line) interference of the field emitted 
into the PCW and scattered by each of the QDs. (Inset) Fluorescence image 
of the QDs in the PCW, where xj2 = 1.25(3) um and x23 = 0.96(3) um. 

(B) Energy-level diagram of two QDs with a mutual detuning of Ann. Off 
resonance (left), the two QDs decay independently of each other, whereas 
on resonance (right), super- and subradiant dynamics occur with rates 


mode of the waveguide, and 9,,,, determines 
the cavity resonance condition (Fig. 1A). Nota- 
bly, the system is inherent in quantum charac- 
ter because the QDs only scatter a single 
photon at a time. o/, and o, are the raising 
and lowering operators for the optical transi- 
tion of QD,,, and QD,,, respectively. 

By selectively pumping one of the QDs—e.g., 
QD,,—one excitation is launched to populate 
the state |g;,€,,). On resonance (A,»y = 0), the 
subsequent dynamics is best described in terms 
of the entangled eigenstates |S) = (|@¢m&n) + 
|gmen))/V2 and |s) = (lem8n) ~ |8men))/V2 
with the associated decay rates, determined by 
the phase lag 9,,,,,. The case when 6,,, = Nn 
(N integer) corresponds to a dissipative cou- 
pling between QDs leading to a superradiant 
|S) and a subradiant |s) state with modified 
decay rates (Fig. 1B). dm = (N +1/2)x results 
in dispersive coupling, where the collective 
states are shifted by J,,,,, while leaving their 
decay rates unchanged compared with those 
of the uncoupled emitters. In the present ex- 
periment, we are primarily studying the re- 
gime of dissipative radiative coupling, which 
leads to modified emission dynamics. 


Super- and subradiance with coherent evolution 


We optically excite a single QD and record the 
collective emission dynamics from either col- 
lection port 1 or 2, studying three different 
QDs (QD1 to QD3; Fig. 1A, inset). Two exam- 
ples of recorded emission signals are shown 
in Fig. 1, C and D, where we alter the detuning 
to compare the off- and on-resonant cases; see 
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also the supplementary text for further exper- 
imental details (33). On resonance, we observe 
strongly modified decay dynamics resulting 
from coherent coupling, and both super- and 
subradiant features are directly visible. For 
QD1-QD2, we find radiative linewidths of 
Tyup/2n = 1.36(8) GHz and Tsyp/2n = 0.280(2) 
GHz by modeling the data with a biexpo- 
nential decay. The modeling of the data at 
short time delays is limited by the finite instru- 
ment response function of the single-photon 
detectors, particularly visible at the rising edge 
of the detected pulse. These values should be 
referred to the single emitter linewidths of 
T,/2n = 0.79(2) GHz and T,/2n = 0.85(1) GHz, 
respectively, as observed far off resonance, 
where the coupling is negligible. We derive a 
superradiant/subradiant enhancement factor 
of 1.36/0.28 = 4.8. The enhancement factor is a 
direct figure of merit of the collective coupling 
quality and is highly sensitive to experimental 
imperfections and decoherence [for a detailed 
account of the underlying physical parame- 
ters, see supplementary text, table S2 (33)]. 
The long-range nature of the dipole-dipole cou- 
pling is explicitly demonstrated. Using reso- 
nant excitation through the PCW, we image 
the spatial separation of the QDs and find a». = 
1.25(3) um and a3 = 0.96(3) um (Fig. 1A, inset), 
which should be compared with the wave- 
length of 4 = 270 nm inside GaAs or the PCW 
lattice constant of a = 240 nm. 

Next, we show the coherent evolution of 
collective states by precisely controlling the 
detuning between two emitters. We start by 


o off resonance 


on resonance 


Time, ns 


Tsup and Tsup, respectively. (C and D) Measured time-resolved emission 
dynamics of pair QD1-QD2 (C) and QD2-QD3 (D) both on and off resonance 
and after exciting QD2 and QD3 through higher-energy excited states. The 
measured count rates are normalized to the maximum at zero time delay, 
corresponding to the time of excitation of the coupled system. The solid lines 
are the model fits to the experimental data. Off resonance, Aj2/2n = 6 GHz 
(Az3/2n = 5 GHz) the decay curve corresponds to the cases of individual 
QDs. When two QDs are brought into resonance, two decay components are 
observed in the data, a fast '5,, and a slow T's) corresponding to super- 
and subradiant dynamics. 


resonantly exciting a single QD to prepare 
jeg) = (|S) + |s))/\/2—i.e., an equal super- 
position of the super- and subradiant states. 
The state subsequently evolves in time into a 
collective state (see the Bloch sphere graphical 
representation in Fig. 2, A and B). The color of 
the Bloch sphere surface represents the decay 
time of the respective state, and the collective 
state vector precesses as a result of coherent 
evolution. Assuming I,,, = T’,, the correlated 
dynamics is described by the difference be- 
tween the two eigenvalues of the coupled system 


Sse = Vv A? + (Qin — i mn)”. For example, 


in the case of pure dissipative coupling VUjn,, = 
0), two different regimes are identified (Fig. 2, 
Cand D). In the underdamped regime |A;n»,| > 
Tmn, coherent evolution prevails over dissipa- 
tion, resulting in the observation of an in- 
crease in emission intensity. The dashed lines 
in Fig. 2, D to F, track the observed intensity 
maximum for different values of A,,,, de- 
fined by t = 1/fosc. In the overdamped regime 
|Amn| < Imn; the dissipative coupling damps 
the excitation to the ground state faster than 
the coherent oscillations on the Bloch sphere 
deading to the gap between the two dashed 
lines in Fig. 2, D to F). Ayn = Tn is the case of 
critical damping, where the dissipation and 
coherent oscillation rates are balanced. These 
examples quantify how precise emitter tuning 
provides an experimentally accessible “control 
knob” of coupled collective quantum states. 
The rich coherent dynamics of the col- 
lectively coupled system are evident from the 
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Fig. 2. Coherent dynamics of coupled QDs. (A) The evolution of a single 
collective excitation can be represented on a Bloch sphere, with the color indicating 
the decay rate of the respective collective state. After exciting QD, the state |gm€n) 
is populated. Two processes occur: exponential decay by spontaneous emission 
(black solid arrow) and coherent evolution between super- and subradiant states (red 
arrow) as determined by the detuning between the two QDs A,»n. (B) Exemplary 
state evolution trajectory for Az3 = -5.5T, where the length of the Bloch vector shows 
the population in the single-excitation subspace. The color bar tracks the evolution 
time from preparing the coupled system in the initial state until decaying to the ground 
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state |gm8n) (origin of Bloch sphere). (C) Calculated population of the collective states 
as a function of time for two values of detuning and comparing superradiant 

(yellow curves) and subradiant (gray curves) contributions for an initial state |gmén). 
(D) Plot of the corresponding emission intensity. The calculation is done with the 
experimentally extracted parameters of the QD2-QD3 pair (see supplementary text). 
(E and F) Full experimental dataset for a continuous scan of detuning Az3 and 
comparing measurements from outcoupling port 1 (E) and port 2 (F). The dashed lines 
trace the maximum population after the first oscillation and are given by t = 1/fosc 
(see the text for definitions). 


experimental data (Fig. 2, E and F) that are 
well reproduced by theory (Fig. 2D). As for the 
resonant case, after a fast decay of the super- 
radiant component, the coupled system evolves 
toward the subradiant state. In the detuned 
case, coherent evolution is observed, leading 
to modified dynamics because super- and sub- 
radiant components are interchanged. The 
oscillation between super- and subradiant 
components, as defined by the detuning, leads 
to an increase of the intensity, corresponding 
to the superradiant component being maxi- 
mal. This is clearly visible as a bright region, as 
it is tracked by the dashed line in Fig. 2, D to F. 
By comparing the emission from two different 
directions (outcoupling ports 1 and 2), we 
observe a similar behavior (Fig. 2, E and F), 
which is consistent with a predominantly dis- 
sipative coupling 4,,, ~Na. The experiment 
was repeated on three pairs of QDs; the ad- 
ditional data and detailed modeling can be 
found in the supplementary text (33). For all 
three datasets, we observe predominantly dis- 
sipative coupling, which likely results from the 
fact that QD candidates, featuring efficient 
coupling to the PCW, were preselected in the 
experiment on the basis of resonant transmis- 
sion measurements through the waveguide 
[see supplementary text (33)]. This condi- 
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tion results in the selection of QDs close to 
the waveguide center and, therefore, a phase 
lag between QDs primarily determined by the 
periodicity of the photonic crystal lattice. Be- 
cause the PCW coupling is large and QDs are 
spectrally close to the band edge of the wave- 
guide mode, this leads to #;/a ~ x (9), whereby 
the phase lag between neighboring PCW unit 
cells is ~n [see the supplementary text for 
further details (33)]. 

The theoretical model (Fig. 2D) reproduces 
the experimental data and fully captures the 
complex coherent quantum dynamics ob- 
served experimentally (Fig. 2, E and F). From 
the analysis, we extract for pair QD2-QD3, 
T93/2n = 0.61 GHz and Jo3/2n = 0.03 GHz. 
The dissipative coupling rate is comparable to 
the intrinsic linewidth of the respective QDs, 
whereas the dispersive part is almost vanish- 
ing. In the case of negligible dispersive cou- 
pling, the superradiant sy) (and subradiant 
T sup) decay rate can be approximated by Dsup= 
r+Ty- 024/28 (sup axT-Ty+ 024/28), 
where ogq is the spectral diffusion width. The 
predicted value of Dgup/2n = 1.25GHz (Tsun / 
2n = 0.27GHz) for the QD2-QD3 pair is in 
agreement with the experimentally measured 
Poup/2m = 1.33GHz(Psup /2n = 0.22GHz). For 
this QD pair, we obtain B. = 0.88 and B3 = 0.83 


from the resonant transmission data [see 
the supplementary materials (33) for further 
details]. 

As opposed to the case of superconducting 
qubits (16), changing the detuning between 
the QDs has a negligible effect on the phase 
lag, whereby the coupling remains dissipa- 
tive. This is a consequence of the fact that 
the detuning is vanishingly small compared 
with the optical frequency. This distinction 
may be advantageous in applications of radia- 
tive collective coupling because it allows the 
detuning to be exploited as a control param- 
eter without changing the coupling, which is 
explicitly demonstrated in the present work. 
Notably, even when the emitter-emitter sys- 
tem is initialized in |eg) or |ge), coherent oscil- 
lations are still observed. This is enabled by the 
fast decay of the superradiant component after 
initialization, leading to the population of the 
slower-decaying subradiant state that coher- 
ently evolves on the Bloch sphere (Fig. 2B). 


Control of collective excitations 


The deterministic preparation of collective 
states is essential to pave the way for their 
applications in quantum-information process- 
ing. To this end, we coherently excite both 
QDs to control the initial collective state on 
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Fig. 3. Controlled preparation of the collective state. (A) Simultaneous driving 
of both QDs from the QD2-QD3 pair with control of the phase 0 allows us to initialize 
the system in a collective state. In the case of 6= — 1/2, the initial state in the 
single-excitation subspace is close to |ge) + ijeg). The detuning between the 

QDs results in the evolution of the collective state toward |S) when Ag3 < O and 
toward |s) for As3 > 0. An example of the state trajectory for Az3 < 0 is depicted 
on the Bloch sphere. (B) The population of the super- psup and subradiant psup 
components during the excitation as a function of the detuning A3 for @= — n/2. 
The sign of the detuning determines whether the super- or subradiant states are 


preferentially populated. (C) The two populations oscillate out of phase as a function 
of time after excitation. (D and E) Calculated (D) and measured (E) intensity 
decay dynamics as a function of detuning, collected from the outcoupling port 
The asymmetric dependence on detuning is well reproduced by the theory using 
parameters extracted from the experiment with 6= — 1/2. (F) Examples of emission 
intensity decay curves for two values of detuning explicitly displaying the coherent 
oscillations being out-of-phase with each other, as determined by the sign of the 
detuning. (G) Normalized counts as a function of detuning and for two representative 
times quantifying the asymmetry. 


be 


the Bloch sphere (Fig. 3A). In the magnetic 
Zeeman field, the coupled QD transitions are 
orthogonally (circularly) polarized (34); yet, 
they are efficiently coupled by the optical mode 
of the PCW. The phase between the two driv- 
ing fields Q, and Qe” is adjusted through the 
polarization of the excitation laser. Using a 
single laser, we implement 0 = -2/2, which 
prepares an initial state with the single ex- 
citation close to |eg) + i|ge) for Ao3 = 0. With 
detuning, the state either evolves toward the 
super- (for Ag3 < 0) or the subradiant (for Ao; 
> 0) state. This results in a marked difference 
in the radiation at a short time, followed by 
out-of-phase coherent oscillations between 
the two components (Fig. 3, B and C). 

The experimental demonstration of this be- 
havior (Fig. 3E) is accurately described by the 
theory (Fig. 3D). We observe a pronounced 
asymmetry around zero detuning, where for 
positive detunings, the emission dynamics is 
effectively delayed. This stems from the se- 
lective population of the subradiant state, 
resulting in a lower emission at early times. 
Subsequently, the emission intensity increases 
as the coherent evolution increases the popu- 
lation of the superradiant state. The reverse 
behavior is found for A»; < 0. This is a result of 
the out-of-phase oscillation of the population 
of the super- and subradiant components (Fig. 
3, F and G). As opposed to the case where a 
single QD was excited (Fig. 2), we observed 
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multiple coherent oscillations. This is because 
of the state |eg) + i|ge) starting to coherently 
evolve on the Bloch sphere directly after ex- 
citation. This is in contrast to the case where 
\eg) is prepared, and the coherent evolution 
sets in once the state has partially decayed to 
|s). We track the maximum emission inten- 
sity (dashed line) for Ao3 > O (and the mini- 
mum for Ag < 0) in the plots of Fig. 3E. It is 
consequently found that the collective light 
emission intensity can be controlled through 
the QD detuning. By simultaneous driving, 
we populate the doubly excited state |ee) com- 
ponent, which reaches 0.07 for =1/3 excitation 
pulses that are used. We note that the doubly 
excited state |ee), however, does not contribute 
to the measured asymmetry between positive 
and negative detunings. 


Conclusions 


Our observation of super- and subradiant emis- 
sion dynamics using pairs of QDs embedded in 
PCWs and separated by a distance much larger 
than the wavelength is facilitated by the PCW 
offering broadband spectral operation and 
long-range photon-mediated coherent inter- 
action between QDs. Our work can constitute 
a foundational step toward multiemitter appli- 
cations of technological importance—e.g., for 
realizing quantum transduction between mi- 
crowave qubits and the optical domain (35) or 
for quantum memories with exponential im- 


provement in photon storage fidelity (31). The 
ability to manipulate the super- and sub- 
radiant state dynamics by controlling the de- 
tuning and pumping conditions will lead to 
a whole range of opportunities when imple- 
menting a coherent spin inside the QD (34, 36). 
For example, advanced photonic cluster states 
may be generated deterministically (37), pro- 
viding a universal resource for measurement- 
based photonic quantum computing. To this 
end, waveguide-mediated dissipative coupling 
can be exploited to realize spin-spin entangle- 
ment between distant quantum emitters (38). 
Another direction will exploit photon scatter- 
ing from coupled QDs to realize efficient Bell- 
state measurements (39) or photon-photon 
quantum gates (40). Taking a broader perspec- 
tive, the ability to deterministically couple 
multiple quantum emitters opens a previously 
unexplored arena of studying nonequilibrium 
quantum many-body physics of strongly cor- 
related light and matter, which could be used 
in quantum simulations of strongly correlated 
condensed-matter systems (47). 
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EVOLUTIONARY ECOLOGY 


Rapid plant trait evolution can alter coastal wetland 


resilience to sea level rise 
M.L. V 
K. E. O. Todd-Brown®, J. S. McLachlan** 


ahsen’, M. J. Blum?, J. P. Megonigal®, S. J. Emrich, J. R. Holmquist’, B. Stiller’, 


Rapid evolution remains a largely unrecognized factor in models that forecast the fate of ecosystems 
under scenarios of global change. In this work, we quantified the roles of heritable variation in plant 
traits and of trait evolution in explaining variability in forecasts of the state of coastal wetland 
ecosystems. A common garden study of genotypes of the dominant sedge Schoenoplectus americanus, 
“resurrected” from time-stratified seed banks, revealed that heritable variation and evolution 
explained key ecosystem attributes such as the allocation and distribution of belowground biomass. 
Incorporating heritable trait variation and evolution into an ecosystem model altered predictions 

of carbon accumulation and soil surface accretion (a determinant of marsh resilience to sea level 
rise), demonstrating the importance of accounting for evolutionary processes when forecasting 


ecosystem dynamics. 


rganismal traits have long been under- 

stood to drive ecosystem functions such 

as elemental cycling (/, 2). There is 

mounting evidence that heritable trait 

variation within species can mediate 
ecosystem processes at a magnitude compa- 
rable with that of trait variation between spe- 
cies (Fig. 1B) (3, 4), and that traits can evolve at 
a fast enough pace to generate feedbacks that 
alter ecosystem dynamics on the timescale of 
current anthropogenic environmental change 
(Fig. 1C) (5). Together, this suggests that evo- 
lutionary processes play a larger role in the 
regulation of ecosystem function than previ- 
ously imagined (6-8) (Fig. 1). Despite grow- 
ing appreciation for this possibility, efforts 
to predict ecosystem function that account 
for genetic variation and evolutionary pro- 
cesses remain limited in number and scope 
(4, 9-12), in part because empirical studies are 
still needed to explicitly demonstrate wheth- 
er heritable variation and rapid evolution are 
important drivers of ecosystem change. Study- 
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ing the heritable trait variation of organisms 
is a necessary step toward understanding 
whether organismal evolution can influence 
ecosystem dynamics (6). Examining herita- 
ble trait variation over historical time might 
further reveal how organismal evolution elicits 
substantial ecosystem-level change (13, 14). 

In coastal marshes, dominant plants act as 
ecosystem engineers by contributing to soil 
surface accretion, a process that has allowed 
marshes to keep pace with sea level rise for 
millennia and is critical to their resilience (15). 
Further, the combination of high plant pro- 
ductivity and low decomposition rates from 
anoxic conditions in coastal marsh soils re- 
sults in disproportionately high carbon ac- 
cumulation rates per area relative to the soils 
of other ecosystems (16, 17). Models and em- 
pirical syntheses have demonstrated how 
traits and the growth of dominant marsh 
plants contribute to these and other eco- 
system processes (18, 19). Because coastal 
marshes typically have low plant species 
diversity, intraspecific trait variation may 
play an important role in ecosystem pro- 
cesses (12, 20) (Fig. 1, B and C). 

Belowground plant traits exert a strong in- 
fluence on marsh ecosystem processes. For 
example, marsh accretion responds strongly 
to annual root turnover, which expands marsh 
soils, and plant-mediated decomposition, 
which reduces soil volume (2/, 22). Below- 
ground structures are consequently major 
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Fig. 1. Potential consequences 
of heritable variation in 

S. americanus on marsh accre- 
tion and carbon sequestration. 
(A) Current marsh accretion 
models do not account for herita- 
ble variation in traits and only 
account for plastic responses of 
aboveground biomass to flooding. 
Increased flooding from light 

to dark blue environments 
increases aboveground biomass. 
(B) Heritable variation may 

have nonadditive, within- 
generation consequences. For 
example, interactions between 
genotypes can lead to facilitation 
(+) or inhibition (-) shifting the 
mean trait values of polycultures 
and thus shifting the mean 
prediction for ecosystem pro- 
cesses. (C) Selection may shift 
plant trait means, inducing evolu- 
tionary change. (D) Variation 

in belowground traits may not 
scale with variation in above- 
ground traits; thus capturing 
belowground trait variation 

is important for accurately pre- 
dicting variation in ecosystem 
processes. (E) Within-generation 
diversity effects [from (B)] 

can evolve [from (C)]. In (B) to 
(E), different colored plants 
represent different genotypes 

of the same species. 
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contributors to carbon pools, and below- 
ground productivity is tightly linked to carbon 
accumulation. Empirical estimates of below- 
ground trait variation, heritable or otherwise, 
are sparse (23, 24), resulting in the common 
simplifying assumption that belowground 
traits vary following a fixed proportion to 
aboveground traits (Fig. 1D). This is a poten- 
tially unrealistic assumption—especially con- 
sidering work that suggests that root-to-shoot 
ratios can rapidly evolve and exhibit substan- 
tial plasticity in response to stress (25, 26)— 
that can bias predictions (27, 28). 

In this work, we paired a common garden 
experiment with an ecosystem model (29) to 
quantify the role of heritable variation in plant 
traits and of trait evolution in explaining var- 
iability in forecasts of carbon accumulation 


and soil surface accretion (Fig. 1). We character- 
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ized heritable trait variation using 16 genotypes 
of Schoenoplectus americanus—a dominant 
sedge in North American coastal marshes and 
the subject of extensive global change research 
related to coastal wetlands—and focused on 
belowground traits that are known to influ- 
ence carbon sequestration and accretion. We 
characterized trait variation and evolution 
(Fig. 1, B and C) by applying a resurrection 
ecology approach (/4, 30-32) in which we 
“resurrected” genotypes from time-stratified 
seed banks from four nearby marshes in the 
Chesapeake Bay (figs. S1 to S3 and table S1). 
For genotypes from two of the four marshes, 
we assessed the role of genotype provenance 
(marsh of origin; Corn Island or Sellman Creek), 
and age cohort [ancestral (1931 to 1973) or 
descendant (1994 to 2016)] in driving trait 
variation. To assess potential nonadditive in- 


teractions that can be important when scaling 
up from genotype to ecosystem (Fig. 1B), we 
compared traits of the 16 genotypes grown 
in monoculture (four propagules of one geno- 
type; 2 = 3 monocultures per genotype, total- 
ing 48 monocultures) with those grown in 
polyculture (one propagule each of four geno- 
types; m = 48 total polycultures). We quanti- 
fied the potential impact of eco-evolutionary 
dynamics on ecosystem processes using esti- 
mates of heritable variation and evolution 
from the common garden experiment to pa- 
rameterize a marsh ecosystem model. Togeth- 
er, these approaches provide a framework for 
integrating data from common garden experi- 
ments typical in the field of evolutionary bio- 
logy to predictions at the ecosystem scale 
appropriate for forecasting ecosystem responses 
to global change. 
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Fig. 2. Provenance and age cohort explain considerable variation in traits, 
particularly for root depth distribution. (A) Using (generalized) linear mixed 
models with provenance and age cohort as fixed effects and genotype as a 
random effect, for each trait we decomposed observed trait variation into five 
categories: genotype, provenance, cohort, other (covariates in the model 

that accounted for exogenous variation because of experimental setup: initial 
propagule weight, variation in flooding because of peat level, and spatial 
blocking), and residual. Labels “ag biomass” and “bg biomass” represent 


aboveground and belowground biomass, respectively. (B) Differences in 
belowground biomass distribution with depth according to provenance and age 
cohort. Differences in the parameter B (root distribution parameter) are shown in 
the inset and were applied to the equation 1 - p*°?'" to predict the cumulative 
proportion of belowground biomass with depth shown in the main figure (34, 45). 
The vertical line at 95% cumulative probability indicates the depth at which 95% of 
belowground biomass is contained, which is a parameter in the Cohort Marsh 
Equilibrium Model (CMEM) (29). 


Characterizing heritable variation in 

S. americanus traits 

S. americanus exhibited considerable heritable 
variation in all traits measured in the common 
garden experiment (fig. $4). Comparably more 
heritable variation was observed in below- 
ground traits—such as the magnitude and 
distribution of belowground biomass (fig. S4, 
B, D, and F)—than in aboveground traits (fig. 
S4, A, C, E, and G). For example, heritable 
variation explained on average 49.5% of var- 
jation in the shape of the root depth dis- 
tribution [intraclass correlation coefficient 
(ICC), 49.5; 95% confidence interval (CI) (15.7, 
77.3)] and 69.1% of variation in root-to-shoot 
ratio [ICC, 69.1; (43.7, 87.7)]. These findings 
demonstrate the importance of explicitly char- 
acterizing variation in belowground traits, 
as their variation does not align with that of 
traits aboveground. 

Heritable variation in S. americanus traits 
was structured by evolution captured across 
space (across the two provenances for which 
there were multiple genotypes; ~2 km of dis- 
tance) and time (~50 years between ancestral 
and descendant cohorts) (Fig. 2). Differences 
in heritable trait variation were reflected in 
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patterns of genetic variation elucidated with 
single-nucleotide polymorphism (SNP) geno- 
typing (fig. S3 and table S3). Heritable varia- 
tion attributable to genotype, provenance, and 
age cohort explained roughly 15 to 50% of 
observed variation across all traits (Fig. 2A, 
blue shading, and fig. S5) and, for most traits, 
exceeded the variation explained by experi- 
mental covariates (Fig. 2A, light gray shading; 
initial propagule weight, variation in flooding 
due to peat levels, and spatial blocking). Dif- 
ferences in the shape of root depth distribu- 
tions were strongly consistent within age 
cohort and provenance (Fig. 2, A and B) [re- 
gression coefficient of age (Bage) = -0.015 
(-0.022, -0.007); regression coefficient of pro- 
venance (prov) = -0.023 (-0.031, -0.015)]. Root- 
ing depth became shallower over time within 
both provenances, with more root biomass 
proportionally allocated near the marsh sur- 
face in descendant genotypes (Fig. 2B). Root- 
to-shoot ratios exhibited strong signatures of 
provenance, with genotypes from Corn Island 
having root-to-shoot ratios that were 17.2% 
(1.9%, 34.4%) higher than those of genotypes 
from Sellman Creek (fig. S6). Comparisons of 
ancestral and descendant genotypes also re- 


vealed that root-to-shoot ratios have declined 
by 8.3% (-5.2%, 19.6%) since the mid-20th cen- 
tury (fig. S6), indicating that over time, plants 
have allocated fewer resources toward below- 
ground biomass. We hypothesize that below- 
ground traits may have evolved in response 
to anthropogenic nitrogen loading, which has 
increased throughout the Chesapeake Bay 
over the most recent century (33). Shifts in root 
depth distribution in coastal marsh vegeta- 
tion have previously been posited to represent 
differences in how plants access nutrients 
belowground (34). Excess nitrogen may have 
alleviated nutrient limitation, reducing the 
need for plants to invest in traits that improve 
access to belowground resources (35). 
Aboveground traits also evolved, but less so 
than belowground traits, as evidenced by 
smaller effect sizes of age cohort and prove- 
nance. For example, on average, stems became 
thinner over time, with stem widths declining 
5.6% (-3.3%, 14.4%) between ancestral and 
descendant cohorts (fig. $7). This pattern mir- 
rors changes in stem morphology exhibited by 
S. americanus subjected to 30 years of ele- 
vated CO, exposure—a change that can affect 
the ability of marshes to withstand storm 
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Fig. 3. Genotypes do not exhibit strong 
nonadditive interactions in polyculture 
overall, but there is evidence that 
within-species interactions have evolved 
since the mid-20th century. (A to 

C) The “scaled difference” on the y axes 
indicates the difference between a trait 
exhibited by genotypes grown in 
polyculture versus what would be 
expected of genotypes grown in 
monoculture (scaled by the mean 

value of the trait for easier comparison 
across traits). (A) Scaled differences 
across traits overall indicate no significant 
nonadditive interactions. Points indicate the 
mean difference, and bars indicate 95% 
confidence intervals. The strength of within- 
species interactions for (B) root-to-shoot 
ratio and (C) root depth distribution 

varies systematically based on the 
composition of the polyculture. For 

(B) and (C), points with error 

bars represent marginal means with 

95% confidence intervals. 


surges (36). Like belowground traits, on aver- 
age, more variation in aboveground traits was 
attributable to provenance than age cohort. For 
example, mean stem heights differed accord- 
ing to provenance, with plants from Sellman 
Creek being 3.0% (-1.5%, 7.5%) taller than those 
from Corn Island (fig. S8), whereas only a 0.3% 
(-3.8%, 4.7%) difference in stem height was 
found between ancestral and descendant plants. 


Assessing the strength of nonadditive 
interactions between genotypes 


Given that there are high levels of standing 
genetic diversity within populations of 
S. americanus, even at fine spatial scales of a 
few meters (30), it is possible that interactions 
among genotypes result in nonadditive effects, 
in which trait values for a mixture of geno- 
types are not equal to the sum of trait values 
for individual genotypes (37-39) (Fig. 1B). Con- 
sequently, characterizing the direction and 
strength of nonadditive effects can be im- 
portant for scaling trait variation from geno- 
type to ecosystem. Mechanisms that give rise 
to nonadditivity can include facilitation (a 
positive nonadditive interaction), inhibition 


396 27 JANUARY 2023 « VOL 379 ISSUE 6630 


scaled difference 


root:shoot (scaled diff) 


0.24 observed > predicted 
0.14 
ae ae ae a a i 
-0.14 
-0.24 predicted > observed 
T T 7m T T T T 
a x 
; or” oo os i . oo? eg? ge 
we 0 xo we oo ox 
22 ae Xe 5 Kee) x he 
ho) 
trait 
Cc ett, 
P= © Pt a 
ao) %.? ‘ 
0.14 8 000 = Sie == Sb ifs = 
{S) * rs 
PF aX . 
00 p= mt ----- f ween eee _ -0.024 ‘ « 
rm, 2 ¥ a 
k |? 
-0.14 w -0.04 4 * 
Oo x 
fox 
-0.24 8 -0.06 5 - 
T T T = T T T 
ancestral mix descendant ancestral mix descendant 
age cohort age cohort 


(a negative nonadditive interaction), and se- 
lection effects (a positive or negative nonaddi- 
tive interaction) (37). Overall, comparisons of 
S. americanus genotypes grown in monocul- 
ture with those grown in polyculture did not 
reveal strong evidence of nonadditive inter- 
actions (Fig. 3A). However, for two below- 
ground traits—root-to-shoot ratio and root 
depth distribution—variation in the strength 
of the nonadditive interactions depended on 
whether the polycultures were composed of 
ancestral genotypes, modern genotypes, or a 
mix of both (Fig. 3, B and C and fig S9). Root- 
to-shoot ratios were substantially lower than 
additive expectations for polycultures com- 
posed of descendant genotypes but not for those 
composed of ancestral genotypes [Banc vs dese = 
-0.06 (-0.13, 0.00)] (Fig. 3B), suggesting that 
the strength of within-species interactions can 
rapidly evolve. Root depth distributions in 
mixed polycultures were shallower than addi- 
tive expectations, but those composed of only 
ancestral or descendant genotypes were sim- 
ilar to additive expectations [Bix vs anc = 0.01 
(0.00, 0.02); Bmix vs dese = 0.01 (0.00, 0.02)] (Fig. 
3C). Mixing genotypes from different age co- 


horts in our experiment may have increased the 
functional diversity of rooting behavior, allow- 
ing for better resource partitioning without 
the need for deeper rooting (Fig. 3C). 


Scaling heritable variation in plant traits to 
ecosystem outcomes 


Observed heritable trait variation and rapid 
evolution drove downstream effects on soil 
surface accretion and carbon accumulation 
(Fig. 4). We ran simulations of a marsh ac- 
cretion model (29) based on conditions at the 
Global Change Research Wetland (Edgewater, 
MD, USA), which are typical of large areas of 
the Chesapeake Bay. We accounted for herita- 
ble variation in peak aboveground biomass, 
root-to-shoot ratio, and depth of the 95% 
cumulative root distribution (while account- 
ing for between-trait covariances) (figs. S10 
and S11 and table S2). We projected that heri- 
table trait variation could result in differences 
in marsh elevation gain of up to 5 cm by the 
year 2100 [mean elevation = 34.2 cm NAVD88 
(North American Vertical Datum, 1988), (32.1, 
37.1]; (Fig. 4A), which is approximately one- 
third of the elevation differential between 
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Fig. 4. Accounting for heritable trait variation and evolution alters 
forecasts of marsh ecosystem structure and function. (A) Using 

CMEM (29), we simulated marsh elevation gain to the year 2100. Light 
gray lines indicate model simulations (n = 1000) that account for 
variation in aboveground biomass, root-to-shoot ratio, and 95% 
cumulative root distribution depth due to genotype. Green and gold 

lines indicate mean predictions for genotypes from Corn Island and 
Sellman Creek, respectively, and the shapes at year 2100 indicate 
age cohorts (circle, ancestral; triangle, descendant). (B) Average 
vertical accretion rate explained by variation in traits due to heritable 


mean and high tides and thus is consequential 
to how much flooding plants will experience. 
These differences also result in average ver- 
tical accretion rates that could vary more 
than 1.5-fold [mean vertical accretion rate = 
1.45 mm/year (1.18, 1.81)] (Fig. 4B, width of 
histogram). Predicted rates of carbon accu- 
mulation at our sites varied up to 0.32 metric 
tons C ha ‘year ‘ because of heritable varia- 
tion [mean C accumulation rate = 0.35 (0.21, 
0.53); Fig. 4C, width of histogram], which 
would lead to estimates of soil carbon stor- 
age through 2100 varying by more than two- 
fold in highly organic peat-forming marshes, 
such as those in the Chesapeake Bay. 


SCIENCE science.org 


from (D)]. 


Vertical accretion rates were 8% higher and 
carbon accumulation rates were 18% higher 
for ancestral cohorts than descendant cohorts. 
(Fig. 4, B and C). This suggests that modern 
S. americanus marshes may be less resilient to 
sea level rise and store less carbon compared 
with marshes from the mid-20th century be- 
cause of organismal evolution. Across space, 
changes in plant traits drove soil accretion at 
Corn Island to be 3% higher than at Sellman 
Creek and drove soil carbon accumulation rates 
to be 6% higher (Fig. 4, A to C, green versus 
gold). Additional evidence from a separate ex- 
periment suggests that our estimates of the 


impact of heritable variation and rapid tem- 


ag only 
scenario 


ag + bg 


variation (histogram) and average provenance and age cohort trait 
values (points). (©) Average carbon accumulation rate explained by 
variation in traits due to heritable variation (histogram) and average 
provenance and age cohort trait values (points). (D) Simulations of 
CMEM that account for heritable variation in only aboveground 
biomass due to genotype, provenance, and age cohort. (E) Distribution 
of final predicted elevation of CMEM simulations for scenarios in 

which aboveground and belowground traits were varied [“ag + bg” 
from (A)] and for which only aboveground biomass was varied [“ag only” 


poral evolution on accretion and carbon accu- 
mulation are robust and possibly conservative 
(40) (figs. S12 and S13 and table S4). 

The effect of evolution on ecosystem pro- 
cesses captured in this work is comparable 
with the effects of rapid environmental change. 
For example, the magnitude of evolution’s 
influence on vertical accretion that we found 
is similar to the modeled effect of shifts in salt 
marsh mineral accretion rates from changes in 
S. americanus stem morphology over 11 years 
of exposure to elevated CO, in a different but 
related study (36). Additionally, by running 
simulations of the ecosystem model in which 
we varied the total amount of sea level rise, we 
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found that the percent difference in carbon 
accumulation rate between ancestral and de- 
scendant genotypes was approximately equal 
to an additional 4 cm of sea level rise by 2100. 
The effects of organismal evolution on carbon 
accumulation are particularly notable given 
that they would partially offset predicted large 
increases in future carbon storage in response 
to global change factors such as increasing at- 
mospheric CO, (41, 42). 

Much of the projected variation in our pre- 
dictions of marsh accretion and carbon ac- 
cumulation was attributable to belowground 
trait variation (Fig. 4E), which suggests that 
further study of the effects of genotypic var- 
iation on belowground traits can improve 
forecasts of coastal marshes in which surface 
accretion is predominantly driven by organic 
matter accretion. This was revealed by run- 
ning simulations in which we only accounted 
for between-genotype variation in aboveground 
biomass, keeping belowground traits (root- 
to-shoot ratio and depth of the 95% cumula- 
tive root distribution) constant, which aligns 
with the simplifying assumption that below- 
ground traits covary with aboveground traits 
(Fig. 1D). Failing to account for heritable var- 
iation in belowground traits beyond the var- 
iation in aboveground biomass dramatically 
decreased the predicted uncertainty for accre- 
tion and carbon sequestration (Fig. 4, A, D, 
and E). For example, the variance in final 
predicted marsh elevation decreased by 68% 
when only variance in aboveground biomass 
was included in the simulations (Fig. 4E). 
Accounting for heritable belowground trait 
variation also altered the average predictions 
for each age cohort and provenance. Notably, 
differences in ecosystem outcomes between 
age cohorts were larger than those between 
provenances when belowground trait varia- 
tion was considered (Fig. 4A), but the oppo- 
site was true when only aboveground trait 
variation was considered (Fig. 4D). However, 
although belowground trait variation drove 
variation in ecosystem processes in a highly 
organic marsh in the Chesapeake Bay, heri- 
table variation and evolution of aboveground 
plant traits may play a larger relative role in 
marshes in which accretion rates are driven 
by mineral sediment capture aboveground, a 
process mediated by stem density and mor- 
phology (36). 

Observed shifts in plant traits in long-term 
studies of coastal marshes have been previ- 
ously thought to reflect plastic responses in- 
duced by exposure to environmental pressures 
(Fig. 1A). For example, there is evidence that 
S. americanus morphology has changed in 
response to elevated CO, and increased nitro- 
gen deposition over the course of 30 years, 
with putatively plastic trait changes having 
substantial consequences for model predic- 
tions of aboveground sediment capture rate 
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(36). Our findings, along with additional evi- 
dence of the adaptive capacity of S. americanus 
(14, 30), offer an updated perspective suggest- 
ing that plants can evolve at a pace and mag- 
nitude that feeds back on ecosystem-level 
processes (6). Failure to account for heritable 
variation and rapid evolutionary change in 
ecosystem models (43, 44) might therefore 
mischaracterize the role that organismal re- 
sponse plays in ecosystem resilience to environ- 
mental change that could systematically alter 
ecosystem-level predictions. For example, 
our results suggest that failing to account 
for decadal-scale evolutionary change may 
overestimate the potential for coastal marshes 
to build elevation and store carbon. It is in- 
creasingly apparent that organismal evolution 
and ecosystem development occur on similar 
time scales, which can elicit feedbacks (6). In- 
tegrative approaches will thus be increasingly 
important as anthropogenic change continues 
to challenge our ability to forecast the re- 
silience of at-risk ecosystems such as coastal 
marshes (12). 
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SOLAR CELLS 


Highly efficient p-i-n perovskite solar cells that 
endure temperature variations 


Guixiang Lit, Zhenhuang Su*+, Laura Canil’, Declan Hughes*, Mahmoud H. Aldamasy’, 
Janardan Dagar’, Sergei Trofimov', Luyao Wang'*, Weiwei Zuo*, José J. Jerénimo-Rendon’, 
Mahdi Malekshahi Byranvand**, Chenyue Wang?, Rui Zhu®, Zuhong Zhang®, Feng Yang®, 
Giuseppe Nasti’, Boris Naydenov’, Wing C. Tsoi*, Zhe Li®, Xingyu Gao’, Zhaokui Wang®, Yu Jia®, 
Eva Unger’, Michael Saliba*®, Meng Li*®**, Antonio Abate’7* 


Daily temperature variations induce phase transitions and lattice strains in halide perovskites, challenging their 
stability in solar cells. We stabilized the perovskite black phase and improved solar cell performance using 
the ordered dipolar structure of B-poly(1,1-difluoroethylene) to control perovskite film crystallization and 
energy alignment. We demonstrated p-i-n perovskite solar cells with a record power conversion efficiency of 
24.6% over 18 square millimeters and 23.1% over 1 square centimeter, which retained 96 and 88% of the 
efficiency after 1000 hours of 1-sun maximum power point tracking at 25° and 75°C, respectively. Devices under 
rapid thermal cycling between -60° and +80°C showed no sign of fatigue, demonstrating the impact of the 
ordered dipolar structure on the operational stability of perovskite solar cells. 


he highest power conversion efficien- 

cies (PCEs) of >25% reported for single- 

junction perovskite solar cells (PSCs) rely 

on regular n-i-p architectures (7). How- 

ever, inverted p-i-n PSCs have several 
advantages, including low-temperature pro- 
cessability and long-term operational stability 
derived from non-doped hole-transporting 
materials (2, 3). Nonetheless, they have lower 
PCEs, with only a few certified values exceed- 
ing 23% and a bottleneck value of 24% over 
10 square millimeter cells (4-6). This lower 
performance is mainly correlated with non- 
radiative recombination losses and reduced 
charge extraction that stem from the high den- 
sity of defects in the perovskite bulk and inter- 
facial contacts (7, 8). 
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For practical applications, ambient temper- 
ature variations can limit PSC performance (9) 
because the perovskite can undergo severe ion 
migration, phase transition, and temperature- 
induced strain, leading to lower PCE (10-12). 
Cycling over variable temperatures demands 
that the perovskite tolerate alternating tension 
and compression in the device structure (13). 
Thus, developing high-efficiency PSCs with 
thermal cycle stability is critical to advancing 
PSC application. 

We use polymer dipoles to optimize triple 
cation halide perovskite Cs 95(FAg 9gMApo 02)0.95 
Pb(Io.9sBYo.02)3 films from bulk to the surface. 
The polymer dipole promoted the growth of a 
low-defect crystalline film by reducing the for- 
mation energy of the black photoactive phase. 
The formation of dipoles at the perovskite sur- 
face suppressed ion migration and facilitated 
interfacial charge extraction while enhancing 
hydrophobicity. We achieved a certified PCE 
of 24.2% over an active area of 9.6 mm”, and 
lab recorded PCEs of 24.6% over 18 mm? and 
23.1% over 1 cm”. The high PCE was stable 
under severe thermal cycling (120 cycles, from 
-60° to +80°C), demonstrating the resiliency 
of the crystal structure to the temperature- 
induced strains. 


Film formation and characterization 


The alternate symmetric hydro and fluoro- 
carbon units along the polymeric backbone 
of B-poly(,1-difluoroethylene) (B-pV2F) re- 
sult in an ordered molecular dipole distribu- 
tion. After screening a few molecular weights, 
0.5 mg/mL B-pV2F of 180,000 molecular weight 
was used (figs. S1 and S2). The influence of 
B-pV2F on the film morphology and work func- 
tion is shown in Fig. 1. From the top view and 
cross sectional scanning electron microscope 
(SEM) images (Fig. 1, A to C), we can observe 
evident voids at the grain boundaries of the 


control perovskite film, with an average grain 
size of ~400 nm (fig. S3A). These defects can 
create shunting paths and nonradiative re- 
combination centers (14). B-pV2F enabled a 
more compact perovskite film with an enlarged 
grain size of ~480 nm (Fig. 1, D to F, and fig. 
S3B). A smaller full width at half maximum in 
the (001) peak of the x-ray diffraction support 
an enhanced crystallinity in the B-pV2F-treated 
perovskite film (fig. S4) (75). Furthermore, 
atomic force microscopy images showed that 
B-pV2F reduced the surface roughness from 
54.4 to 41.1 nm (fig. S5), which is expected to 
ameliorate coverage with charge-transporting 
layers (16). 

Because of the electron-withdrawing effect of 
the fluorine atoms, the neighboring hydrogen 
atoms have a partial positive charge density. 
Then, the all-trans planar zigzag conforma- 
tion of B-pV2F makes it resemble a Lewis acid, 
which can interact with the surface of the pe- 
rovskite (17, 18). Fourier transform infrared 
spectroscopy revealed that the -CH, stretch- 
ing vibration peak shifted from 3025 cm“ of 
B-pV2F to 3019 cm ‘in contact with the target 
perovskite (fig. S6), suggesting a solid C-H---X 
dipole interaction between -CH, moieties and 
halide ions of the [PbX,]*~ frame. Such polar 
interaction with the precursors of the perov- 
skite influences the crystallization during film 
formation and leads to an upward shift of the 
surface work function (WF) after film forma- 
tion (Fig. 1G) (7, 18); Fig. 1H displays the in- 
crease in WF up to 300 meV for the target 
perovskite film, which facilitates the inter- 
facial charge extraction and enhances the 
device’s stability (79). 

The WF shift was near that of standard pe- 
rovskite film treated with B-pV2F only at the 
surface, which indicated that as the crystal 
growth proceeded, B-pV2F was partially ex- 
pelled from the bulk and assembled on the pe- 
rovskite surface (2, 20). The fluorine-exposed 
surface arrangement induced hydrophobicity 
(figs. S7 and S8). We measured reduced non- 
radiative recombination and improved inter- 
facial charge transfer in target perovskites 
(figs. S9 to S13) (21-24). This scenario is ex- 
pected to enhance the solar cells’ efficiency 
and stability (25, 26). 

To acquire an in-depth perspective on the 
promoted perovskite crystallization kinet- 
ics, we performed synchrotron-based in situ 
grazing incidence wide-angle x-ray scattering 
(GIWAXS) measurements to monitor the entire 
film formation process (several different stages 
are shown in Fig. 2, A and B). The initial t, 
stage (during the first 25 s) revealed the scat- 
tering halo at scattering vector q values from 
8 to 8.5 nm ’ from the solvated colloidal sol 
precursor. The signal transition at t, (25 s) 
originated from dripping antisolvent, where 
the rapid solvent extraction caused the disap- 
pearance of the diffraction signal. Subsequently, 
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Fig. 1. Working mechanism and morphology characterization of perovskite films. Schematic of processing (A) control and (D) target perovskites. (B) Top view 
and (C) cross sectional SEM images of control perovskites. (E) Top view and (F) cross sectional SEM images of target perovskites. (G and H) WF shift related to 


perovskite functionalized with B-pV2F. 


the spin coating process was performed at stage 
ts, where supersaturated solvate intermediate 
emerges. The t, near 60 s represented anneal- 
ing staging. Stage t; revealed the intermediate 
phase signal with annealing. Stage tg was the 
perovskite evolution process. Stage t; described 
the cessation of further crystal growth. 
Comparing GIWAXS patterns (Fig. 2, Aand 
B), the weakened diffraction signal in the ini- 
tial 60 s suggested that the initial solvated 
phase of DMSO-DMF-PbX,—in which DMSO is 
dimethylsulfoxide, DMF is dimethylformamide, 
and X is a halide (I, Br )—was suppressed. 
This effect could be ascribed to the initial solv- 
ated phase isolated by the long-chain B-pV2F 
molecules (27). The intermediate phase con- 
centration was lower in the target than in the 
control (fig. $14). The scattering feature cen- 
tered at g = ~10 nm along the (001) crystal 
plane observed in the cast film indicated that 
the colloid had solidified and converted into 
a black phase. Notably, we found that the pe- 
rovskite phase of the target emerged earlier 
than that of the control (At, > At,), which 
implied that B-pV2F promoted the conversion 
of the intermediate phase to the perovskite 
black phase. The fast phase inversions were 
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Fig. 2. Crystallization 
kinetics of perovskite 
films. In situ GIWAXS 
spectra during forming 
(A) control and (B) target 
perovskite films. (C) 
Time-resolved integrated 
peak area intensity for 


q (nm) 


B black phases of control 
and target perovskites. 

o 
Cc 

3 

£ 

= 

ra 

o 

= 


science.org SCIENCE 


RESEARCH | RESEARCH ARTICLES 


associated with the lower formation energy 
(28, 29) and could be attributed to B-pV2F rap- 
idly aggregating dispersed PbX, and organic 
salts during the elimination of DMSO and 
DMF (30). 

Moreover, the target ceased crystal growth 
sooner at 250 s than the control at 350 s. When 
the crystallization is completed (stage t,), the 
signal is more intense in the target than in 
the control (Fig. 2C). This result indicates that 
the target perovskite film is more ordered. The 
time-dependent in situ GIWAXS intensity pro- 
files with other scattering vectors, such as g = 
~20 nm’ corresponding to the (002) crystal 
plane (fig. S15), showed the same phase tran- 
sition trend. Thus, B-pV2F controls the perov- 
skite crystallization kinetics by lowering the 
perovskite formation energy, promoting phase 
conversion, and enabling a more ordered crys- 
tal structure (fig. S16). 


Photovoltaic performance 


The photovoltaic performance of inverted p-i-n 
PSCs with control and polymer-modified pe- 
rovskite films is shown in Fig. 3. The device 
architecture is glass/indium tin oxide (ITO)/ 
self-assembled [2-(3,6-dimethoxy-9H-carbazol- 
9-yl)ethyl]phosphonic acid (MeO-2PACz)/ 
perovskite/ [6,6]-phenyl-C61-butyric acid methyl 
ester (PCg,BM)/bathocuproine (BCP)/silver (Ag) 
(fig. S17). Typical current-voltage (J-V) curves 
for the PSCs (Fig. 3A) were measured with a 
device area of 18 mm”. The control PSCs had a 
PCE of 22.3%, with short-circuit current den- 
sity (VJg-) of 24.7 mA/cm?, V,,. of 1.13 V, and fill 


factor (FF) of 80.2%. With B-pV2F, the device 
performance improved with a V,, of 1.18 V, a 
Jee of 24.8 mA/em?, and a FF of 84.3% for a 
PCE of 24.6%. The target PSCs’ reverse- and 
forward-sweep J-V curves (fig. S18) had negli- 
gible hysteresis. A PCE of 24.2% for an aperture 
area of 9.6 mm? was obtained from the inde- 
pendent accredited certification institute of 
Test and Calibration Center of New Energy De- 
vice and Module, Shanghai Institute of Micro- 
system and Information Technology (SIMIT), 
Chinese Academy of Sciences (fig. S19). We 
also recorded a PCE of 23.1% for devices with a 
working area of 1 cm? (Fig. 3B). 

From the external quantum efficiency (EQE) 
spectra (Fig. 3C), we calculated an integrated 
Jee of 24.3 and 24.4 mA/cm? for control and 
target devices, respectively, comparable to 
the values extracted from the J-V curves. The 
optical bandgaps of both perovskite absorb- 
ers determined by the # axis intercept of the 
EQE linear are shown in fig. S20 (31, 32). The 
statistical distribution of the device parameters 
collected from 38 devices shows an improved 
PV performance and increased reproducibility 
with B-pV2F (fig. S21) (33), which we explain 
with better charge extraction and reduced non- 
radiative recombination (27). 

The stabilized power outputs at the maxi- 
mum power point (MPP) are plotted in Fig. 3D. 
The control device showed a persistent atten- 
uation in efficiency under continuous 1 equiv- 
alent sun illumination for 400 s. By contrast, 
the tracked target device yielded highly stable 
power output and even progressively improved 
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Fig. 3. PV performance of perovskite solar cells. (A) J-V curves of control 
and target PSCs under a device area of 0.18 cm”. (B) J-V curves with the reverse 
and forward sweeps for large-area target PSCs (1 cm’). (C) EQE spectra and 
integrated Js, for control and target PSCs. (D) Stabilized power outputs with 
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performance, which we attributed to the light- 
soaking effect (34). The stability of unencapsu- 
lated devices under working conditions shows 
that target PSCs retain 96% of the initial PCE 
after continuous MPP tracking for 1000 hours. 
By contrast, control PSCs decay to 84% of their 
original PCE (Fig. 3E). Device stability statistics 
(n = 12) are presented in fig. S22. After heating 
the device to 75°C, 88% PCE was retained in 
the target device in contrast to only 56% in the 
control (fig. $23). 

We further evaluated device stability against 
temperature variations. The J-V curves in fig. 
$24 show that the control device’s PV param- 
eters (J,,, FF, and V,,) exhibited large fluctua- 
tions when tested at temperatures ranging 
from -—60° to +80°C (table S1). However, this 
variation was suppressed in the target device 
(fig. S25 and table $2). Furthermore, compared 
with the control, the target device had reduced 
hysteresis and its hysteresis factor was rela- 
tively stable under temperature variations (fig. 
$26). The statistical PCE distribution in Fig. 4, 
A and B, indicates that the B-pV2F stabilization 
effect is highly reproducible. All performance 
parameter evolution is reported in figs. S27 
and $28. Subsequently, the unencapsulated 
devices were aged under rapid thermal cycling 
(TC) between —60° and +80°C, swept at a rate 
of 20°C per minute. As shown in Fig. 4, C and 
D, the control device suffered a severe decline 
of 75.6% at +80°C and 63.0% at —60°C, whereas 
the target device retained 93.9% at 80°C and 
88.7% at —60°C of its initial value after 120 
thermal cycles. 
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evolving current density at the maximum power points as a function of time for 
the best-performing PSCs. (E) Long-term stability at maximum power point 
tracking under room-temperature continuous illumination in No atmosphere for 
unencapsulated PSCs (ISOS-L-1 procedure). 
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Device film morphologies and structures 
during thermal cycling 

The difference in device performance stems 
from use of B-pV2F in the perovskite film. We 
characterized the morphology and crystal 
structure of perovskite films undergoing aging 
with thermal cycling to identify the impact of 
B-pV2F. The film aging followed the same de- 
vice protocol: 120 rapid thermal cycles be- 
tween —60° and +80°C at a rate of 20°C per 
minute. As observed from the SEM images in 
fig. S29, control films exhibited severe mor- 
phological degradation with enlarged grain 
boundaries and voids. Such degradation fea- 
tures were not detected in the aged target films 
(fig. S30), which appeared nearly identical to 
the pristine film shown in Fig. 1E. This result 
indicates that the temperature-induced deg- 
radation of perovskite films is suppressed in 
target perovskites (fig. S31) (35). 

We observed additional GIWAXS peaks 
forming in the control perovskite after three 
thermal cycles (Fig. 5A). Specifically, in the 
second cycle, the peak for PbI., a degradation 
product, emerged at g = 9.2 nm‘. During the 
third thermal cycle, additional peaks ~8.2 and 
8.6 nm * formed, corresponding to the hexag- 
onal photoinactive polytypes 4H and 6H from 
C80.05(FAo.9sMAo.02)0.95Pb(0.9sBYo.02)3 Perov- 
skite (fig. S32A) (36, 37). This result indicates 
that the control perovskite undergoes irrevers- 
ible phase changes. The generation of these 
phases may originate from the lattice defor- 
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mation at the grain boundaries caused by the 
mutual extrusion of unit cells from neigh- 
bored crystals of different orientations (36). 
Such phenomena were not observed in the 
target perovskite (Fig. 5B), indicating high 
structural stability (fig. S32B). 

For q values from 16 to 19 nm“, we observed 
additional peaks in both control and target 
(figs. S33 and S34), corresponding to the te- 
tragonal phase (8 phase) (J0, 38). The tetragonal 
phase was only retained in the cold tempera- 
ture region. This suggests that the degradation 
products of perovskite under thermal cycling 
include irreversible PbI,, 4H, and 6H, and 
reversible tetragonal phase transition, jointly 
contributing to device performance degrada- 
tion. Temperature-resolved azimuthally inte- 
grated intensity patterns (figs. S35 and S36) 
indicate that B-pV2F suppresses the phase 
transitions. We found that suppressing the 
phase transition also suppressed ion migration 
in the complete device under working condi- 
tions, i.e., lower hysteresis (fig. S37). 

Because of differences in thermal expansion 
coefficients between the perovskite film and 
the substrate, temperature variation induces 
strain in the perovskite (39, 40). The control 
perovskite underwent substantial lattice strain 
evolution (—0.13 to 0.57%) during thermal cy- 
cling (Fig. 5C). We observed that the perovskite 
strain drifted with temperature cycling, showing 
a constant lattice parameter change in perov- 
skite. By contrast, the target perovskite exhibits 


Fig. 4. Thermal cycling stability of perovskite 
solar cells. Statistical temperature dependence 
PCE profiles of (A) control PSCs and (B) target 
PSCs. PCE evolution recorded at (C) +80°C 
and (D) -60°C of control and target PSCs 
against thermal cycles between -60° and +80°C. 
The rapid thermal cycling was implemented 
with a ramp rate of 20°C per minute. There is an 
extra 2-minute waiting window for the device 

to reach thermal equilibrium when cycling 

to -60° and +80°C. The temperature starts 

at room temperature and is heated to +80°C, 
then cooled to -60°C. The progress ends 

at room temperature. The time per complete 
cycle is 18 minutes. 


stable strain cycling in a narrower range (—0.06 
to 0.38%), corresponding to a recoverable crys- 
tal structure and releasable lattice strain (tables 
S3 to $5). We propose that a strain-buffering 
and lattice-stabilizing effect exists in target pe- 
rovskite because B-pV2F creates a self-assembly 
polymeric layer that coats the crystals within 
the perovskite film reducing friction during 
thermal cycling (figs. S38 and S39) (41-44). 


Conclusions 


Thermal stress experienced in normal work- 
ing conditions induces phase transitions and 
lattice strains that hamper the stability of pe- 
rovskite solar cells (PSCs). Coating the crystals 
comprising the perovskite film with polymer 
dipoles results in a strain-buffering and lattice- 
stabilizing effect that mitigates the impact of 
thermal stress. We selected the specific polymer 
dipole B-poly(1,1-difluoroethylene) (B-pV2F). 
The B-pV2F highly ordered dipolar structure 
interacts with specific perovskite compo- 
nents enabling control of perovskite film crys- 
tallization during the processing and energy 
alignment with the charge-selective contacts 
within the device. We reported B-pV2F devices 
with improved power conversion efficiency 
up to 24.6% on an active area of 18 mm? and 
23.1% over a larger area of 1 cm? (certified PCE 
of 24.24% with an active area of 9.6 mm? from 
SIMIT). The £-pV2F strain-buffering effects 
enabled stable power output at temperatures as 
high as 75°C and rapid temperature variation 
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Fig. 5. Perovskite structural evolution during temperature cycling. The temperature-resolved GIWAXS profiles for (A) control and (B) target perovskites. (C) The 
temperature-resolved lattice strain for control and target perovskites. (The temperature starts from room temperature, heating to +80°C and then cooling to 
-60°C. The progress ends at room temperature. The time per complete cycle is 90 minutes.) 


between —60° and +80°C. Our work identifies 
a new strategy for making stable perovskite 
solar cells. 
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POSTDOCTORAL FELLOW- CANCER RESEARCH 
University of Texas Health Science Center at San Antonio 
(UT Health SA) 


The Mays Cancer Center, an NCI-designated cancer center at UT Health 
SA, is recruiting postdoctoral fellows for the Cancer Research Training 
Program, which is funded by an institutional Ruth L. Kirschstein National 
Research Service Award (T32 CA148724) from NIH/NCI. The Program 
supports highly motivated individuals for intensive research training in 
all aspects of cancer biology under the direction of a faculty mentor in the 
Program. The focus of the research may be basic, translational, or clinical. 
All trainees will also participate in seminars, workshops, and/or lectures 
as specified by the Program. Our goal is to provide a quality training to 
facilitate career advancement. 


UT Health SA is a research-intensive institution located in a gateway to 
the picturesque Texas Hill Country. San Antonio is a vibrant, multicultural 
city with year-round recreational activities, affordable housing, and a high 
standard of living. 


Eligibility and application information can be found at: 
https://Isom.uthsesa.edu/desa/education/nci-t32/ 


Applicants must be either U.S. citizens or U.S. Permanent Resident to be 
eligible for support on this training grant. 


All postdoctoral appointments are designated as security sensitive positions. 


UT Health SA is an Equal Opportunity/Affirmative Action Employer. 
All qualified applicants will receive consideration for acceptance into the 
program without regard to sex, gender identity, sexual orientation, race, 

color, religion, national origin, disability, protected Veteran status, age, 
or any other characteristic protected by law or policy. 


FACULTY POSITIONS IN VIROLOGY & IMMUNOLOGY 
Department of Microbiology 
BU Chobanian & Avedisian School of Medicine 


The Department of Microbiology (www.bumce.bu.edu/microbiology) invites 
applications for faculty positions at Assistant or Associate Professor level. We 
invite applicants with broad research interests in virology and in immunology, 
with an emphasis on virus-host interactions and microbial pathogenesis. The 
successful applicant will join a collaborative, vibrant, and growing community 
of researchers in an environment that values creativity, collaboration and social 
and cultural diversity of our faculty, staff and students. The successful applicant 
will expand and complement existing departmental strengths in virology, host— 
pathogen interactions, innate immunity and inflammation. Applicants should 
have a demonstrated and ongoing record of research excellence with a focus that 
includes basic or translational studies on investigating virology and/or immune 
responses to human pathogens. The Boston University Medical Campus includes 
a number of centers of excellence which offer rich collaborative opportunities, 
including the Center for Regenerative Medicine, the Center for Network Systems 
Biology, the National Emerging Infectious Diseases Laboratories, a T32 training 
grant in Immunology and supports state-of-the-art core facilities. The successful 
candidate is expected to oversee a vigorous, innovative, and extramurally funded 
research program, to participate in the training of graduate students and post- 
doctoral fellows and the teaching activities of the department, and support our 
institutional commitment to ensure BU is inclusive, equitable, diverse and a place 
where all constituents can thrive. 


To be considered, please submit a curriculum vitae, a summary of research 
accomplishments and future research goals, brief teaching and diversity 
statements, and contact information to solicit at least 3 letters of recommendation 
to Ms. Kathleen Marinelli (kfurness@bu.edu). Applications will be considered 
as they are received, with the positions to be filled during this academic year, 
beginning after March 1, 2023. 


Boston University School of Medicine is an equal opportunity/affirmative action 
employer, committed to building and maintaining robust diversity within all 
components of its community, and strongly welcomes applications from women, 
persons with disabilities, protected veterans, and under-represented minorities. 
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TENURED OR TENURE TRACK FACULTY 
POSITION IN MICROBIOMES 
INDIANA UNIVERSITY BLOOMINGTON 


As part of a major, multi-year initiative to expand research activities across 
the IU Bloomington campus, the Microbiology program in the Department 
of Biology at Indiana University Bloomington (IUB) invites applications 
at the Associate or Full Professor level in the area of Microbiomes; 
established Assistant Professors will also be considered. We welcome 
applicants who study microbial interactions using integrative approaches 
and methods, in any relevant environment, from soils to humans. Start date 
is flexible, from Aug 2023 to Aug 2024. 


Applicants must hold a Ph.D. in relevant fields, with a strong record of 
research accomplishments and external funding. Successful candidates will 
be expected to maintain a vigorous externally funded research program, 
and to participate in teaching at the undergraduate and graduate levels. The 
Department of Biology is committed to recruiting and retaining diverse 
faculty, and we strongly encourage applications from members of 
historically marginalized groups. We also welcome candidates who have 
demonstrated a commitment to working with people from groups that are 
underrepresented in STEM, through teaching, mentoring, or administration. 


For more detailed application instructions and conditions, please see: 
https://indiana.peopleadmin.com/postings/16243. Applications will start 
to be evaluated on February 15, 2023 but the position will remain open 
until filled. Please address inquiries concerning the search to Jennifer Tarter 
at 812-856-3984 or jenjones@indiana.edu. 


a 


INDIANA UNIVERSITY 


RLOOMINGTON 


TENURED OR TENURE TRACK FACULTY POSITION IN 
MODELS OF METABOLIC REGULATION 
INDIANA UNIVERSITY BLOOMINGTON 


As part of a major, multi-year initiative to expand research activities across the 
Indiana University Bloomington campus, the Genome, Cell, and Developmental 
Biology program in the Department of Biology (https://biology.indiana.edu/ 
graduate/genome-cell-development/index.html) Tvites applications at the 
Associate or Full Professor level in the area of Metabolism. Established 
Assistant Professors will also be considered. We are particularly interested in 
scientists who are using model organisms to study the regulation of metabolism in 
development and disease. Scientists studying the molecular mechanisms by which 
the environment influences metabolism and growth are also encouraged to apply. 
Start dates of Fall 2023 or Fall 2024 are possible. 


Our vision is to continue building a multi-investigator group that will define IU 
as a preeminent center for studies of metabolism and metabolomics in model 
organisms. This effort is part of a significant expansion in the life sciences at IU 
Bloomington. The successful applicant will join a vibrant group of investigators 
with related research programs within the Department of Biology and across 
campus in the Departments of Chemistry, Molecular and Cellular Biochemistry, 
as well as IU School of Medicine and the School of Public Health. 


The selected candidate will be provided with a competitive startup package 
and salary and will have access to outstanding research resources, including 
state-of-the-art facilities for genomics and bioinformatics, light and electron 
microscopy (including cryo-EM), flow cytometry, protein analysis, mass 
spectrometry, and crystallography. Applicants must hold a Ph.D. in a relevant 
field, with a strong record of research accomplishments and funding. Successful 
candidates will be expected to maintain a vigorous externally funded research 
program and participate in teaching at the undergraduate and graduate levels. The 
Department of Biology is committed to recruiting and retaining diverse faculty, 
and we strongly encourage applications from members of historically 
marginalized groups. We also welcome candidates who have demonstrated a 
commitment to working with people from groups that are underrepresented in 
STEM, through teaching, mentoring, or administration. 


For more detailed application instructions and conditions, please see https:// 
indiana.peopleadmin.com/postings/16241. Applications will start To be 
Evaluated on February 15, 2023, but the position will remain open until filled. 
Please address inquiries concerning the search to Jennifer Tarter at 812-856-3984 
or jenjones@indiana.edu. 


Boston Children's Hospital iy HARVARD MEDICAL SCHOOL 
ES TEACHING HOSPITAL 


Where the world cones far answers 


SENIOR FACULTY MEMBER 
LABORATORIES OF COGNITIVE NEUROSCIENCE 


The Division of Developmental Medicine Laboratories of Cognitive Neuroscience at Boston Children’s Hospital (BCH), one of Harvard Medical School’s teaching 
hospitals, is recruiting a new senior faculty member. The Division of Developmental Medicine (DDM) is one of the largest clinical and research divisions focused on the 
diagnosis and treatment of developmental disorders in the United States. The division provides clinical care for children from infancy through adolescence, conducts 
research, and trains pediatricians, psychologists and cognitive neuroscientists. The Laboratories of Cognitive Neuroscience (LCN) is headed by Charles A. Nelson III, PhD; 
the LCN includes Dr. Nelson’s laboratory as well as labs led by the following PI’s: Susan Faja PhD, Carol Wilkinson MD, PhD and Anne Arnett, PhD. 


The new faculty member would join the DDM and establish a lab in the LCN. Researchers at the LCN are dedicated to understanding neural and behavioral development of 
individuals diagnosed with or at higher likelihood for various developmental disorders, as well as typically developing infants and children. Such risk factors could be either 
genetic (e.g., single gene disorders, such as TSC) or environmental (such as infants growing up in adverse environments). Researchers in the LCN are experts from a wide 
range of fields, including psychology, neuroscience, and education, and they work in collaboration with clinical investigators in Developmental-Behavioral Pediatrics in the 
DDM as well as in other disciplines, including, child neurology, and child psychiatry. Beyond the dedicated resources within the Faja, Arnett, Wilkinson, and Nelson labs, the 
DDM and LCN also provide shared resources including behavioral testing rooms, technical support and staff to assist with state-of-the-art neuroimaging, neurophysiology, 
behavioral, and clinical evaluations and remote data collection. LCN faculty benefit from several established, effective recruitment pipelines to support study enrollment and 
administrative support for grant writing and administration. 


Candidates with methods expertise in MRI, genetics, data science, clinical trials, and speech language pathology are encouraged to apply. 


The ideal candidate will have expertise that complements existing research programs, which include: 

* Neurodevelopment of autism spectrum disorder 

* Biomarkers of ADHD diagnosis and treatment response 

* Neuro-genetic etiology of autism spectrum disorder, ADHD, and genetic syndromes like Down Syndrome and Fragile X 
* Impact of adversity and early neglect on neurodevelopmental disorders 


The candidate must be a PhD, MD, or MD/PhD, and is expected to conduct independent and collaborative research. The candidate will have a track record of independent 
research funding, preferably from Federal agencies and scholarly productivity as well as successful mentorship of trainees and junior colleagues. Academic appointment at 
Harvard Medical School will be commensurate with clinical and research experience, training and achievements at the Associate Professor or Professor level. 


Please send your CV and a statement of interest to: Search Committee, Attention: Sandra Maislen, Division of Developmental Medicine, BCH 3185, Boston Children’s 
Hospital, 300 Longwood Ave., Boston, MA 02115 or send via email to sandra.maislen@childrens.harvard.edu. 


We are an equal opportunity employer and all qualified applicants will receive consideration for employment without regard to race, color, religion, sex, national origin, 
disability status, protected veteran status, gender identity, sexual orientation, pregnancy and pregnancy-related conditions or any other characteristic protected by law. 
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FACULTY POSITIONS 
UNIVERSITY OF TEXAS MEDICAL BRANCH 


Acareer plan customized 
for you, by you. 


The newly established Institute for Drug Discovery (IDD, https://www.utmb.edu/idd/home) at the University 
of Texas Medical Branch (UTMB), Galveston, Texas, seeks outstanding candidates for five tenure- 
track positions at the rank of Assistant Professor in medicinal chemistry, therapeutic antibodies, and 
nanoformulation. A Ph.D. degree (or equivalent) with postdoctoral (or equivalent) experience is expected. 


The applicants will join UTMB’s world-class research program with strengths in infectious disease, 
neuroscience, aging, and other disciplines. In addition to a highly collaborative environment, UTMB offers 
outstanding research facilities for next-generation sequencing, mass spectrometry, optical microscopy, flow 
cytometry, solution biophysics, NMR, X-ray crystallography, cryo-electron microscopy, scientific computing, 
and bioinformatics. Excellent opportunities for scientific interactions exist through sister institutions in the 
Greater Houston area, Gulf Coast Consortia, and the Keck Center for Interdisciplinary Bioscience. 


There’s only one Science 


Features in myIDP include: 


= Exercises to help you examine your 
skills, interests, and values. 


« Alist of 20 scientific career paths 
with a prediction of which ones best 
fit your skills and interests. 


l™ Visit the website and start 
myDP planning today! 
CJ myIDP.sciencecareers.org 
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UMASS. Medical School 


Through academic and industrial partnerships, UTMB has led the way in discovery of small molecules and 
biologics for treatment of diseases. The IDD seeks to build on this success for further therapeutics development 
and has invested in brand-new synthetic chemistry laboratories with state-of-the-art fume hoods to achieve 
this goal. Our established drug discovery for pandemic preparedness program is powered by the Galveston 
National Laboratory, the premier biosafety-level-4 facility in the world, and well-established pathogen models 
at UTMB. Minorities and members of underrepresented groups are encouraged to apply. The first application 
review will consider applications submitted by March 20, 2023, with additional reviews quarterly until 
positions are filled. Applications will be accepted with additional reviews quarterly until December 2023. 


An attractive recruitment package of competitive salary, generous start-up funding, new or renovated 
laboratory space will be offered. Interested applicants should submit a single PDF (<10 MB) containing the 


following: 1) cover letter, 2) curriculum vitae, 3) summary of research accomplishments and future goals (2-3 
pages), 4) diversity statement which follows the NIH PEDP guidelines, 5) teaching and mentoring statement 
(1 page) and 6) contact information for three references. The combined PDF and any inquiries should be sent 
by email to: Valerie Rodecap at utmbidd@utmb.edu. 


UTMB Health strives to provide equal opportunity employment without regard to race, color, national origin, 
sex, age, religion, disability, sexual orientation, gender identity or expression, genetic information or veteran 
status. As a Federal Contractor, UTMB Health takes affirmative action to hire and advance women, 
minorities, protected veterans and individuals with disabilities. 
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WORKING LIFE 


By Hasan Merali 


406 


Finding time for my passion 


or years, I have wanted to write a book about the lessons adults can learn from children, drawing 
on my work as a pediatric emergency medicine physician and child health researcher. I tried to 
get started several times during vacations or at conferences, when I had a break from the daily 
grind. But I never got past jotting down a page of ideas or a few paragraphs of prose before the 
never-ending academic demands of grant deadlines, article submissions, student supervision, 
and other responsibilities pulled me away. I was beginning to think the closest I might ever get 
to book authorship was working in my favorite spot at my neighborhood library, surrounded by amaz- 


ing literature but with nothing to my name. 


Then, my first daughter was born. 
Living in Canada, my partner and 
I had 1 year of paid parental leave 
between us. We decided my part- 
ner would take the first 6 months 
before returning to her job as a 
speech pathologist, and I would 
stay home with our daughter for the 
second half of the year. Suddenly, 
the work stopped. It was early in 
the pandemic, so we were stuck at 
home. My daughter did not mind if 
I took breaks from playing peek-a- 
boo, reading books, and snuggling 
so I could clean, cook, and do other 
chores. She also took consistent 
2-hour naps. A few weeks into my 
leave, it occurred to me that I could 
use this nap time to get back to writ- 
ing my book. That way, by the end 
of my leave, I might know whether 
book authorship was a real possibil- 
ity or a dream I should leave behind, knowing at least I 
had tried. 

At first it was challenging to shift from caregiver to au- 
thor and back again. I worried whether instead of indulging 
my yearning to write, I should be using this precious time 
for other tasks, such as reading more parenting books. But 
as the days passed, I felt more confident in my abilities as 
a father and writing became a welcome, if brief, change of 
pace. Quite often I was in the middle of jotting down an 
idea when that familiar wake-up cry reminded me I had 
other duties to attend to. 

But I kept chipping away until, 2 months before I was 
due to return to work, I had a book proposal I was proud 
of. As I shared it with my most critical friends and received 
positive feedback, I grew determined to get the book pub- 
lished. With my partner’s support, I plunged forward to 
the next big step: connecting with an agent and shopping 
around my proposal to publishers. 


“| worried whether ... 
| should be using this precious 
time for other tasks.” 


I was delighted to find an agent 
who worked with authors I admire 
and was interested in taking me on. As 
my parental leave came to a close and 
I returned to my day job, putting my 
book to the side, she sent my proposal 
to publishers. Then the rejections 
started coming in. The letters were 
kind, but they regularly explained that 
I was completely unknown outside 
my academic field and didn’t have a 
“platform.” I was accustomed to my 
academic articles being rejected, and 
I was always able to find a home for 
them somewhere. But as the rejections 
to my book proposal kept rolling in, I 
began to wonder whether this project 
had a chance. Finally, though, I got the 
call I was waiting for: My agent had 
found a publisher. I was ecstatic. 

Now comes perhaps the biggest 
challenge: writing the book. I’ve 
realized the most important thing is to write every day. I 
couldn’t do this without my partner’s continued enthusi- 
asm and encouragement, as well as taking on a little more 
of the household and child care responsibilities. ?ve also 
scaled back a bit on my academic work, including leaving 
some committees and not taking on new students to super- 
vise. I feel lucky to be in a department, and at a stage in 
my career, where I have that freedom. I’m also grateful for 
the other advantages that have allowed me to get this far, 
including Canada’s parental leave policy. 

Even so, I’ve learned that no passion project can be done 
without trade-offs. I’ve learned that the odd quiet moments in 
a busy day can be a resource. And I’ve learned that I can only 
follow my dreams with the support of those closest to me. 


Hasan Merali is a pediatric emergency medicine physician and 
associate professor of pediatrics at McMaster University. Send your 
career story to SciCareerEditor@aaas.org. 
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6 OPEN ACCESS 


a vast and growing global audience. Chec out the latest 
submit your research: science.org/journal/sciadv 


GOLD OPEN ACCESS, DIGITAL, AND FREE TO ALL READERS 


YOUR RESEARCH 
HAS ITS REWARDS. 


Submit an essay by 3/15/23 to enter to win $25K. 


The prestigious international Science & PINS Prize is awarded annually to outstanding early-career 
researchers in the emerging field of neuromodulation. Findings already show improved outcomes 
in several neurological disorders. To enter, just write a 1OO0O-word essay about your research 
performed in the last three years. The Grand Prize winner will be presented a US$25,000 award, 
as well as have their essay published in Science magazine and on Science Online. A runner-up 
will have their essay published online. For additional inquiries, email SciencePINSPrize@aaas.org. 
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